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ABSTRACT 
Bulky mechanical tracking equipment poses challenges in solar energy concentration systems. Different 
technologies have been used to track the movement of the sun and concentrate its energy. However, these 
technologies have limitations due to equipment accuracy and steering capacity. A parabolic concentrator along 
with its steering equipment is heavy and bulky, and therefore it is not suitable for urban infrastructure such as 
on a rooftop. A thin and flat solar concentration device is much more appropriate for rooftop integration. 
Electrowetting controlled liquid lenses have emerged as a novel approach for solar tracking and concentration. 
Recent studies have demonstrated the concept of steering sunlight using thin electrowetting cells without the 
use of any bulky mechanical equipment. The basic concept of this technology is to change the contact angle 
of a liquid interface by applying an electric field. By deforming the liquid shape in an electrowetting cell, light 
can be steered and concentrated for solar energy applications. Effective application of this technique may 
facilitate the designing of a thin and flat solar concentrator. In this research work, first, a detail description is 
provided on theories and fundamental physics of electrowetting. It is known that electrowetting depends on 
several factors such as the selection of an appropriate liquid, electrode material and shape, substrate, etc. This 
research work presents a thorough review of recent beam steering electrowetting studies and identifies their 
applications and limitations. After that, it presents a comprehensive investigation on the selection of 
appropriate dielectric material and the deposition process. Furthermore, the research work investigates the 
effect of electrode position and the type of power supply on the electrohydrodynamic behaviour of liquid in 
electrowetting. Previous studies on electrowetting device have been able to demonstrate only one-axis steering 
of sunlight. This study designs an electrowetting device for two-axis tracking to effectively track the sun. In 
this research, a novel simulation model is developed in commercial software COMSOL Multiphysics to predict 
the liquid-liquid interface behaviour of electrowetting cell as a function of varying parameters such as applied 
voltage, dielectric constant, fluidic properties and electrode shape. The model simulates the electric field and 
couples it with microfluidic simulation to derive the deflection of the liquid-liquid interface using Lippmann-
Young equation. The model can be used to design the appropriate electrode arrangement to maximise 
transmission and focusing accuracy. After the simulation study, the electrowetting solar energy steering and 
concentration device is fabricated. A proposed hexagonal electrowetting cell that mimics the structure of insect 
compound eyes has been studied. A pattern of hexagonal shape structure facilitates a planar 360° steering of 
sunlight. The study identifies appropriate liquids and materials for the device. It also identifies the appropriate 
geometry and fabrication process to achieve an efficient electrowetting solar concentration device. The 
findings of this research work will facilitate the development of a low-profile flat solar concentration device.  
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Chapter 1 Introduction 
This chapter presents an overview of the renewable energy technologies, especially solar energy technologies 
available to overcome the energy crisis and mitigate climate change impacts due to overuse of fossil fuels. The 
chapter discusses the conventional technologies available to track the sun to harness solar energy and their 
disadvantages. The chapter then discusses how smart solar energy tracking and concentration technologies, 
particularly electrowetting technique can overcome these disadvantages and facilitate a thin and low-profile 
beam steering and concentration device.  
The chapter then presents the initial design concept of this thesis to fabricate a flat and thin solar energy 
tracking and concentration device. Following the initial design concept, the chapter then defines the research 
questions, methodology, scope and objectives of this research work. Finally, the chapter presents the 
organisation of this thesis and the significance of this research study.  
 
1.1 Fossil Fuel and Renewable Energy Technologies 
In modern civilisation, a country’s increase in energy consumption is a parameter of social and economic 
growth. Energy consumption increased rapidly in the 21st century to meet the demand of industrialisation. To 
meet the increasing demand for energy, countries globally accelerated the exploration and utilisation of natural 
fossil fuels (oil, gas, and coal). The use of fossil fuels has enabled large-scale industrial development and the 
fulfilment of increasing energy demand for household use. However, the excessive use of fossil fuel has two 
significant disadvantages. First, supply is limited, and these sources will be depleted over time; second, fossil 
fuel is a non-renewable energy source as they are produced from pre-historic fossils and no longer available 
once they are used. As these sources are limited, and countries are overusing them, fossil fuel sources are 
depleting at a faster rate.  
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Second, fossil fuels pose more significant threats to the global environment. Burning fossil fuel to produce 
energy releases harmful greenhouse gases, such as carbon dioxide, nitrogen dioxide, sulphur dioxide and 
carbon monoxide, into the atmosphere, which increases global warming. This action also poses risks to public 
health because the burning of fossil fuels, such as coal and gas, releases sulphur dioxide, which causes 
breathing problems and contributes to acid rain.  
To overcome the disadvantages associated with fossil fuel energy sources, a growing urgency has emerged 
regarding the utilisation of renewable energy resources. In recent years, renewable energy resources have 
achieved popularity in the long-term energy planning of developed and developing countries. They can 
eliminate the crisis of increasing power demand and mitigate the worsening global climate. Scientists globally 
are working to develop cheaper renewable energy technologies to make them more viable than fossil fuel 
resources.  
There are different types of renewable energy sources, and the common types are provided in Figure 1-1. The 
utilisation of these renewable energy sources enables us to move towards a safe and sustainable environment.  
 
Figure 1-1. Different renewable energy sources.  
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Increasing renewable energy capacity prompted an urgent call to global energy management and policymakers. 
As a result, installation of renewable power generation accounted for 67% of net additions to global power 
generating capacity in 2016 (IRENA 2018). Among these newly installed capacities, 47% was solar 
photovoltaics (PV), 34% was wind power, 15.5% was hydropower, and the remaining was other renewable 
energy sources (IRENA 2018).  In 2016, more than 31,000 solar panels were installed every hour globally, 
constituting 75 gigawatts (GW) of the new addition. By the end of 2016, total global solar PV power generation 
capacity was 303 GW (IEA PVPS 2016). Around 110 megawatts (MW) new concentrating solar thermal power 
(CSP) was added in the same year. The total global installed CSP power generation capacity in 2016 was 
approximately 4.8 GW (IEA PVPS 2016).  
 
1.2 Solar Energy Technologies 
Solar energy is one of the most promising renewable energy sources. The abundant availability of solar energy 
reaching Earth makes this energy source for power generation highly appealing. The utilisation of solar energy 
technologies can contribute to a sustainable future for the world. Figure 1-2 illustrates the benefits of solar 
energy utilisation. According to the United Nations Development Programme, the annual potential of solar 
energy generation globally in 2010 was 1,575-49,837 exajoules (EJ), whereas total energy consumption in 
2012 was 559.8 EJ (UNDP 2000, OECD 2014). However, in 2016, the global share of solar power generation 
in total power generation was 1.3% (BP 2018). Admittedly, there are ample opportunities to increase the solar 
power generation.  
 
Figure 1-2.  Benefits of solar energy utilisation. 
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Radiant energy from the sun can be harnessed using different technologies, such as photovoltaics, solar 
heating, molten salt plants and artificial photosynthesis. Depending on how the technologies are developed 
and continually evolving, solar energy utilisation can broadly be classified as either active solar or passive 
solar energy applications. Active solar energy technologies include the use of solar water heating, photovoltaic 
systems and concentrated solar power systems. Passive solar energy application comprises techniques such as 
building design based on the sun’s position to reduce heating and lighting power usage, circulate natural air 
and select favourable thermal mass. It is anticipated that by 2050, solar photovoltaics and concentrated solar 
power will contribute 16% and 11% of overall global consumption, respectively (IEA 2014). 
1.2.1 Photovoltaics   
The critical component of a photovoltaic system is a solar panel containing arrays of solar cells. The solar cells 
are composed of a semiconductor material (usually silicon), which is positioned between a negative conductor 
on top and a positive conductor on the bottom surface. The top layer of a solar cell is an N-type semiconductor 
material and the bottom of the solar cell is a P-type semiconductor material. The N-type semiconductor is 
created by adding impurities like phosphorus (P), arsenic (As), antimony (Sb), or bismuth (Bi) to silicon. This 
doping of impurities creates an access electron in the N-type material molecule. On the other hand, in P-type 
semiconductor, boron or aluminium are added to create a hole or shortage of electrons in each P-type 
semiconductor molecule. When light with the photon energy strikes the surface of N-type material, it transfers 
the energy to the material and dislodges the access electron of the N-type material. Because of the potential 
difference of the N-type and P-type semiconductor material layers in the solar cell, the positive conductors on 
the top and bottom of the solar cell offer a path to electrons to flow. This electron flow generates direct current 
(DC), which is later converted to alternating current (AC) by the solar inverter to provide electricity to the end 
users.  
In recent years, solar photovoltaic systems have gained popularity as a renewable energy capturing technology 
due to their rapid price reduction. Once installed, it is pollution free and greenhouse gas free power generation 
system. The operation is simple, with no or very little ongoing maintenance, and utilisation is scalable 
according to the need. Besides, other factors rapidly increasing the use of photovoltaic as a power generation 
system are: advances in technology, government policies to reduce fossil fuel power generation via financial 
incentives for solar PV power generation, large-scale manufacturing facilities and investment growth. 
Regarding global capacity, after hydro and wind power installations, PV is the third most used renewable 
energy source. In 2016, global PV power generation was more than 300 GW, which was just 2% of global 
electricity demand (Hunt 2015).  
Solar cell efficiency and cost of production are the two most defining factors for the implementation of this 
technology. The highly efficient solar cell may not be attractive if the cost of production is also high. The rated 
efficiency of a solar cell is the measured value in ideal laboratory conditions, which can differ from working 
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conditions. The actual efficiency of the solar cell can be different due to the output voltage, current, junction 
temperature, light intensity and spectrum. Recent commercial solar cell production by the US company 
SunPower reported an efficiency of 22.5%, whereas the market average rated solar cell efficiency is 12-18% 
(EnergySage 2018). Notably, Fraunhofer ISE developed a multi-junction concentrator solar cell in December 
2014 with a maximum efficiency of 46% (EnergySage 2018) 
Concentrator photovoltaics (CPV) generate electricity by using concentrated sunlight. CPV use lenses and 
curved mirrors to focus sunlight onto highly efficient multi-junction solar cells. CPV systems can be classified 
into three categories: low concentration PV (LCPV), the concentration of 2-100 sun; medium concentration 
PV (MCPV), the concentration of 100-300 sun; and high concentration PV (HCPV), the concentration of 
greater than 1000 sun. High concentration of solar energy generates high temperatures, which can reduce solar 
cell efficiency. Thus, cooling systems are used to reduce the temperature of solar cells and maintain efficiency. 
CPV systems are not currently used in rooftop applications, and usage is less common than conventional PV 
systems. In 2016, the total installation of CPV systems accounted for 350 MW, which is less than 0.2% of 
installed PV capacity globally (IEA 2016). However, because of the high efficiency and smaller photovoltaic 
array, CPV systems have the potential to become competitive in the global energy market in the near future.  
1.2.2  Concentrated Solar Thermal (CSP) Systems 
Concentrated solar power (CSP) systems generate power by utilising lenses or mirrors to concentrate sunlight 
from a large area to a small area. Concentration is required to obtain high temperatures (>150 °C). Different 
applications require different temperature and different concentration mechanisms. For example, the heat 
generated from the concentrated sunlight can be used as a heat source for the power plant to produce steam 
(this generally requires temperatures between 400 and 600 °C). Then, the steam rotates the turbine blades and 
generates electricity through an electric generator connected to the turbine shaft. CSP use has seen rapid growth 
from the year 2005 to 2016; the global installed capacity of CSP plants increased from 354 MW in 2005 to 
4,185 MW in 2016 (REN21 2017), representing more than 11 times growth in a ten-year period. In recent 
years, CSP technologies have faced challenges in implementation due to the increasing efficiency and 
decreasing price of photovoltaics. A CSP plant usually needs a large area to accumulate and concentrate the 
sunlight required to achieve the expected outcome; note that the power generation declines with cloud cover. 
On the other hand, photovoltaics require a smaller space and can also produce electricity from diffuse radiation. 
However, one of the advantages of CSP is that the energy can be stored in the form of molten salt. Also, the 
investment cost of CSP systems is declining with technological development. The falling prices of CSP plants 
are improving its competitiveness with other base-load power plants that use fossil and nuclear fuel. Different 
technologies have been developed to use this concentrated solar power, for example, the parabolic trough, 
solar power tower, concentrating linear Fresnel reflector and Stirling dish. 
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In a parabolic trough CSP system, a linear parabolic reflector reflects and concentrates light into a receiver 
pipe positioned at the reflector’s focal line. The working fluid runs through the receiver pipe, and a single-axis 
tracking system moves the parabolic trough throughout the day, following the sun’s position to achieve 
maximum solar energy concentration. The working fluid is then heated to 150-350 °C when it flows through 
the receiver pipe. The heated working fluid is then used as a heat source for a power generation system. In a 
solar power tower system, an array of dual-axis tracking reflectors concentrate sunlight on a central receiver 
mounted on a tower. The receiver contains a heat transfer fluid, such as water or molten salt, which is heated 
to 500-1000 °C and later used as a heat source for power generation or in an energy storage system (Christopher 
et al 2005). Fresnel reflectors focus sunlight by using thin and long mirror segments. In a Fresnel reflector 
system, the reflector mirrors are positioned at the base of the system and reflect and concentrate the light at 
the absorber, which is located at the mirrors’ focal line. A thermal fluid absorbs the concentrated solar energy 
and flows to the heat exchanger to power a steam generator. A dish Stirling system consists of a larger parabolic 
concentrator and receiver located at the focal point of the concentrator. Both the reflector and receiver are 
mounted on a dual-axis tracking system to capture the maximum amount of solar energy. The working fluid 
absorbs the concentrated solar energy at the receiver, and the temperature rises to 250-700 °C. Then, a Stirling 
engine is used to convert the heat to produce electric power.  
A common limitation of all these technologies is that they require bulky mechanical structure and larger space, 
which limits their application in small scales, such as in residential rooftop applications. The success of all 
these solar energy harvesting technologies depends on the accurate tracking and concentration of the sunlight. 
Next section discusses different technologies to track the sun and capture solar energy.  
 
1.3 Sun Path and Solar Trackers 
On a sunny day, energy from sunlight can be divided into two categories - the direct beam, which constitutes 
90% of the energy, and the diffuse sunlight, which accounts for the remaining solar energy. On a cloudy day, 
the diffuse energy provides a larger proportion of the total solar energy. On average, direct beam radiations 
provide most of the solar energy so solar panels should track the sun path to maximise energy collection.  
If the solar panel does not track the sun’s path, the loss of solar energy can be calculated as the cosine of the 
angle between the incoming light and the normal to the panel. This loss of energy is defined as the cosine loss 
of solar energy. The amount of light intercepted by the solar panel defines the amount of available solar energy 
for collection. It can be measured by multiplying the area of the solar panel by the cosine of the angle of the 
direct beam’s incidence. However, all intercepted light is not transmitted to the panel. A portion of this light 
is reflected from the surface of the solar panel. This reflected portion of light depends on the angle of the 
incidence, the refractive index of the surface material and polarisation of the incoming light.  
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From the perspective of a position on the Earth’s surface, the sun travels 180 degrees from east to west in an 
average half-day period. This travel path is longer in spring and summer and shorter in autumn and winter. 
Considering the local horizon effect (such as a tree or hills), the apparent motion of the sun is approximately 
150° from east to west, depending on the location and time of year.  For a fixed solar panel, the movement is 
75° to either side, which is likely to result in a 75% loss of energy in the morning and evening periods. As 
illustrated in Figure 1-3, a single axis tracker rotates the solar panel from east to west to track the sun and 
capture the maximum amount of solar energy and reduce cosine loss.  
 
 
Figure 1-3. The sun’s path on earth in a half-day period.  
Because of the tilt of Earth’s axis towards the sun, there is a seasonal movement of the sun with respect to a 
position on Earth. Figure 1-4 illustrates the solar path around the Earth in a year. During the vernal (spring) 
and autumnal (fall) equinoxes, day and night lengths are the same. From the equinox position in September, 
the sun moves -23.44° latitude towards the Southern Hemisphere, which then experiences the summer solstice 
(longest day and shortest night) during December. After that, the sun returns to the equinox position by March 
and the Southern Hemisphere experiences autumnal equinox. From this equinox position, the sun moves 
23.44° latitude towards the Northern Hemisphere and in June, the Southern Hemisphere experiences the winter 
solstice (shortest day and longest night). Therefore, there is a 46° latitude change by the sun in a year. If a solar 
panel is optimally aligned on a single-axis tracker, which follows the equinox position of the sun from east to 
west, the solar panel experiences a 23.44° deviation from the sun’s path from south to the north position. As 
such, an optimally positioned single-axis tracker has 8.3% cosine loss due to this 23.44° sun path variation.  
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Figure 1-4. The solar path around the Earth in a year. 
Continuously tracking the sun to focus light on an absorber is critical to maximising the efficiency of solar 
energy conversion, particularly for high temperatures. Reducing the cosine loss and being able to track the sun 
throughout the day are the primary objectives for the development of tracking systems. The tracking system is 
an essential component for both CPV and CSP applications as the concentrator efficiency depends on the 
geometric orientation of the system relative to the sun. Single-axis trackers have only one degree of freedom, 
which is the tracker’s single axis of rotation. Usually, the axis of rotation is aligned towards true North 
Meridian. Compared to a fixed mount, a single-axis tracker can increase yearly output by 30%, and a dual-axis 
tracker can produce an additional increase of 10% (Gay et al 1982, King et al 2002). There are several types 
of single- and dual-axis tracking systems. Single-axis systems can be classified as either a horizontal single-
axis tracker (HSAT), vertical single-axis tracker (VSAT), tilted single-axis tracker (TSAT) or polar-aligned 
single-axis tracker (PASAT). Tracker type selection depends on several factors, such as latitude, local weather, 
land constraints, installation size, economic feasibility and government regulations. For example, HSAT is 
usually installed in large solar power generation facilities. Due to functional simplicity, HSAT has lower 
installation, operation and maintenance costs (Fraunhofer 2014). There are two degrees of freedom in a dual-
axis tracking system - the two axes of rotation. Of these two axes of rotation, the primary axis is referenced on 
respect to the fixed ground. The second axis is referenced to the primary axis. It is essential to orient the module 
correctly with respect to the tracking axis when modelling system performance. Usually, modules are oriented 
parallel to the secondary axis of rotation. Dual-axis trackers allow optimum solar energy collection because of 
their capability to track the sun vertically and horizontally. Two commonly used dual-axis tracking systems 
are tip-tilt dual-axis trackers (TTDAT) and azimuth altitude dual-axis trackers (AADAT).  
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Selecting the right tracker type depends on several factors, such as installation size, land constraints, latitude, 
local weather, electricity rates and government incentives. Single-axis horizontal trackers are mostly used for 
large distributed power generation projects. During the spring and summer seasons, horizontal single-axis 
trackers are the most productive system as the sun is high in the sky. The simplicity, reliability, low cost and 
robustness of the support structure makes horizontal single-axis tracker systems popular. In a vertical-axis 
tracker, the panels are oriented either vertically, fixed, adjustable or at an elevation angle. A vertical-axis 
tracker usually pivots only along the vertical axle. Typically, vertical-axis trackers are installed at high altitudes 
where the sun travels along a longer arc, and dual-axis trackers are usually used in projects with large 
government subsidies.  
 
1.4 Disadvantages of Mechanical Tracking Systems 
Although these tracking systems provide higher energy efficiency compared to stationary systems, they have 
some disadvantages, namely: 
 High procurement and installation costs: Tracking systems have a high cost of installation, which 
offsets a portion of the energy efficiency they offer. High procurement costs often discourage 
investment in solar concentration systems. For example, if a tracker constitutes 30% of the total cost 
and produces 30% more output, similar performance can be achieved by increasing the size of the 
solar power conversion system by 30% without the tracking component, eliminating maintenance 
costs associated with the tracking system.  
 Mechanical complexity: Solar panels consist of solar concentrators, a tracking system, PV or CPV 
cells and heavy passive heat sinks or active cooling plates, which introduce increased mechanical 
complexity. For example, it is difficult to place a central thermal energy concentration tube in a dual-
axis tracking system.  
 High maintenance costs: Solar energy concentration systems are exposed to rough weather, such as 
heat from the sun, strong winds, storms, rain and dust. Due to continuous movement and long operation 
times, a solar tracker requires constant maintenance involving repair, replacement and machine health 
monitoring. Due to these difficulties, solar energy systems with a tracking device generate high 
maintenance costs.  
 Misalignment of the tracking device: High accuracy tracking is critical in a concentrated solar energy 
system. Most trackers possess some degree of inaccuracy to track the sun, which eventually reduces 
efficiency. 
 Reliability for long-term operation: Due to low energy efficiency and high installation costs, solar 
energy systems take a long time to return payback on investment. The expected operation time of most 
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solar energy systems is 15 to 20 years, and the tracker equipment is often not reliable for this entire 
period. 
 Wind load: Solar energy systems are subjected to wind load (load placed on the structure by wind). 
Solar systems with tracking devices are more vulnerable to wind load than fixed systems. Hence, the 
tracking system must be rigid, which makes them bulky, and it is often difficult to install them on 
rooftops. Therefore, non-concentrating flat and fixed solar systems are mostly used in rooftop 
applications despite their much lower energy efficiency. 
 
Because of the disadvantages mentioned above, scientists are trying to develop thin and flat solar energy 
tracking and concentration devices. The next section describes some of the recent technology development in 
new smart solar energy tracking and concentration that do not involve motorised mechanical systems. 
 
1.5 Smart Solar Energy Tracking and Concentration Technologies  
Many different technologies are used to track the sun’s movement to both enable the concentration of its energy 
and maximise yearly energy capture as discussed in the previous section. Khan et al (2017) noted that ‘the 
main limitations of these technologies are currently cost, size, visual impact and wind loading, particularly for 
applications involving mounting to a building. A parabolic concentrator, for example, along with its steering 
equipment is heavy and bulky, and is not suitable for rooftop applications. Instead, thin and flat solar 
concentration devices are required for hassle-free rooftop applications’. Researchers are currently trying to 
invent an adaptive self-tracking system to eliminate these drawbacks. The objective of these studies is to design 
a novel, thin and flat device with adaptive, self-tracking and concentration capacities. A flat, adaptive tracking 
system should eliminate the need for mechanical components, large area requirements for rotation operation, 
and installation and maintenance costs.   
For instance, Pender (2005) patented a flat, motion-free solar concentrator with a beam deflector assembly, 
Fresnel lens, and fixed optical condenser. The beam deflector consists of two layers of the arrayed prism. Each 
of these prisms comprises of liquid crystal, and the refractive index of this prism can be varied by applying an 
electric field. When an electric field is used, the liquid crystal changes its orientation according to the applied 
field and hence, the refractive index of the prism. With different sun positions, the refractive index of the prism 
is varied such that it always concentrates at the bottom fixed point.  
Currie et al (2008) have investigated a new design of thin-film organic coating on top of planar waveguides. 
Instead of concentrating the sunlight at the focal point of the concentrator, incident light travels along the cross-
section of the waveguide by total internal reflection. The organic coat transmits and couples the light inside 
the planar waveguide’s cross-section and concentrates along its edges. A narrow strip of solar energy collector 
11 
 
can be aligned parallel to the side of the waveguide to collect this solar energy. However, organic coating 
requires strong adhesion with the substrate and is not suitable for long-term operation. Importantly, a field test 
of this design revealed that organic coat performance degrades after three months of service. 
Based on gradient-index lenses, Kotsidas et al (2011) designed a new solar concentrator. However, application 
of the design was limited due to the high fabrication cost and difficulties associated with lens scaling up. A 
year later, Baker et al (2012) presented a planar micro-optic solar concentrator by integrating waveguide 
cladding with a nonlinear optical response to sunlight. In this design, researchers attempted to change the 
refractive index of nanoparticle dispersions by applying voltage. By applying a 2 Vrms 60 Hz square wave 
signal voltage, they achieved a refractive index change of 0.033, which was, however, insignificant to deliver 
the desired performance. 
Importantly, the use of electrowetting-controlled liquid lenses has emerged as a novel approach for solar 
tracking and concentration. By steering sunlight using thin electrowetting cell arrays, bulky mechanical 
equipment is not required. As such, applications of electrowetting theory for solar energy concentration and 
steering is a new and exciting research field. Electrowetting theory was derived from the electrocapillary 
phenomenon observed by Gabriel Lippmann in 1875. He noted the change of interfacial surface tension when 
an electric potential was applied between a metal and an electrolyte solution in direct contact. The Lippmann 
equation is:  
, ,
 
µ
γ∂
=
∂ T p
CV
V A
                                                      (1.1) 
Here, V  is the electric potential, γ  is the interfacial surface tension between the electrolyte and metal, T is the 
temperature, p is the pressure, µ is the chemical potential and C is the capacitance of cross-sectional area A. 
The capacitance C is defined as: 
                                                                       0 1   AC
d
ε ε
=                                                                 (1.2) 
Here, 0ε  is the permittivity of free space, 1ε  is the relative permittivity of the liquid and d is the thickness of 
the charge double layer developed on top of the metal surface. The electrocapillary force per unit length along 
the contact line of the solid surface is calculated as follows: 
20 1  
2
ε ε
γ∆ =− V
d
                                                              (1.3) 
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The electrolyte experiences decomposition due to electrolysis because it is in direct contact with metal. This 
problem was later overcome by coating the electrode surface with a thin layer of dielectric material, from 
which the term electrowetting-on-dielectric (EWOD) evolved. Figure 1-5 illustrates the three different 
interfacial surface tension that acts at the contact line, namely the interfacial surface tension between liquid-
vapour ( LVγ ), solid-vapour ( SVγ ) and solid-liquid ( SLγ ). 
 
Figure 1-5. Force balance at the contact line. 
The force balance at the contact line, according to the Young equation, is: 
                          LV SV SLcosγ θ γ γ= −                                                            (1.4) 
Figure 1-6 represents a simple demonstration of the electrowetting lens and illustrates a liquid drop resting on 
a solid surface. The solid surface is composed of a hydrophobic layer, a dielectric layer, an electrode and a 
glass substrate successively from top to bottom. 
 
Figure 1-6. Deformation of drop by electrowetting. 
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In Figure 1-6, θY  is the contact angle without the application of any voltage. This contact angle follows 
Young’s equation (1.4). Figure 1-6 depicts the electrowetting phenomena that occurs when a potential 
difference is applied between the liquid drop and electrode. Due to the applied voltage, the liquid drop tends 
to wet the solid surface and the contact angle changes to Rθ .  
Combining the Young and Lippmann equation, the fundamental equation describing the electrowetting on 
dielectric principle is:  
                                            (1.5) 
 
Here, d is the thickness of the insulating layer. Equation (1.5) demonstrates that the contact angle manipulation 
depends on the initial contact angle, applied voltage, dielectric constant and thickness of the insulating layer, 
and surface tension of the liquid.  
Figure 1-7 and Figure 1-8 represents the initial design concept of this thesis. As shown in the figures, the basic 
concept of an electrowetting solar energy tracking and concentration system is that it consists of an array of 
electrowetting cells that are thin and flat. Each cell consists of a container filled with two immiscible fluids of 
different refractive indices. In each cell, the shape of the liquid-liquid interface is changed by simply applying 
an electric field. According to Snell’s law, light changes direction when it travels through the medium of 
different refractive indices when the incident angle is not normal. By varying the electric field, the liquid-
liquid interface of the electrowetting cell can be steered according to the position of the sun and thus, cosine 
loss can be eliminated. Also, the difference of refractive indices of the two-immiscible liquid facilitates the 
change of the light path. Hence, the solar path can be tracked by using a thin, flat electrowetting cell array. 
This cell array can be installed or fabricated on top of solar energy utilisation devices, such as concentrated 
photovoltaic cells. As such, the system avoids the bulky mechanical tracker and facilitates two-axes tracking 
and concentration.  
 
2
0 1Cos Cos
2R Y LV
V
d
ε ε
θ θ
γ
= +
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Figure 1-7.  Initial design concept.  
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(a) 
 
(b) 
 
Figure 1-8 Steering and concentrating solar energy by electrowetting cell array, (a) steering and 
concentrating light beams on a concentrating photovoltaic (CPV) cell, (b) steering the sunlight directly to 
Fresnel lens and concentrating the light beams by Fresnel lens on a CPV cell.  
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1.6 Research Questions and Objectives 
Recent research studies have started to provide proof of concept devices, particularly for solar energy 
electrowetting beam steering applications. There is still, however, a scarcity of thorough research data on 
electrowetting for this application. So far the studies of Cheng and Chen (2011), and Cheng et al (2013) 
demonstrated the most suitable design for this application. However, those proof of concept devices has 
limitations such as lack of thorough investigation of appropriate liquids, electrode position, liquid-liquid 
interface deformation and geometric shape and materials for electrowetting beam steering device. An 
experimental study on electrowetting cell is typically a time-consuming and complicated procedure. To avoid 
that, a simulation model is needed to predict the capacity of the electrowetting cell and understand the 
maximum tilt, shape and profile of the liquid-liquid interface with varying applied voltage. 
In consideration of the gap in recent research works, the research questions are: 
1. What are the appropriate liquids, geometric shape and materials for electrowetting solar energy 
concentration device? 
2. What are the suitable inorganic dielectric materials for beam steering electrowetting device? 
3. What are the boundary conditions, physics and constraints to correctly simulate the electrowetting 
phenomena? 
4. How ground electrode contributes to electrowetting? 
5. What are the fundamental design parameters/constraints of electrode configuration required to 
fabricate an electrowetting solar lens? 
 
In consideration of the research questions mentioned above, the objectives of the present research study 
are: 
 Design a novel, thin electrowetting device to track the sun using two axes and concentrate solar 
energy without using any mechanical equipment. 
 Identify and select the appropriate liquids and materials to design the electrowetting device. 
 Fabricate and test the electrowetting cell. 
 
1.7 Methodology 
The methodology used in this research work are: 
 Literature Review: A thorough literature review on:  
 Recent beam steering electrowetting device design. 
 Appropriate material selection for the device components. 
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 Fabrication process used in other studies.             
                   
 Simulation Model Analysis:  
 Two-dimensional simulation model using COMSOL Multiphysics Software to identify the 
appropriate liquid properties. 
 Three-dimensional simulation model using COMSOL Multiphysics Software to analysis the 
shape of the liquid-liquid interface. 
 
 Experimental Analysis: 
 Different dielectric layer deposition and performance analysis. 
 Photolithography and microfabrication process to investigate different orientation of 
electrodes. 
 Fabrication of proof of concept device to analyse the modulation of liquid-liquid interface with 
the application of voltage and corresponding light beam steering capacity.  
 
1.8 Scope and Outcome of the Research 
The scope of the research is limited to developing the proof-of-concept device and identifying the appropriate 
liquids, shape and orientation of cell structure and electrode pattern. The scope does not include optimisation 
of cell performance, overall efficiency or an economic viability analysis.  
The study aims to:  
 Develop a novel electrowetting cell with the capacity for two-axis tracking.  
 Identify the material for different components and liquids for maximum solar energy steering and 
transmission. 
 Identify the appropriate orientation of the electrode pattern.  
 Provide a theoretical understanding of the electrode position on the beam steering performance.  
 
1.9 Structure of this Thesis Report 
Chapter 1 describes the broader research context, initial conceptual design, research objectives, research 
questions and the significance, scope, and outcome of this research study.  
Chapter 2 provides a detailed review of the different theoretical approaches for electrowetting and the 
derivation of the Lippmann-Young equation according to various theoretical approaches is introduced. This 
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chapter also reviews the different theoretical explanation of saturation of voltage in electrowetting 
experiments.  
Chapter 3 describes recent studies and progress on beam steering electrowetting devices. In this chapter, a 
thorough analysis has been conducted on these studies, including their advantages and limitations. This chapter 
also presents a detailed analysis of the selection of liquids, cell structure, power supply and dielectric and 
hydrophobic layers. This critical review provides a comprehensive evaluation of the fabrication process and 
material selection of beam steering electrowetting devices for solar energy applications.  
Chapter 4 provides an investigation of the performance of the dielectric material, such as silicon dioxide (SiO2) 
for beam steering electrowetting applications. Also, a comparison of different deposition methods of SiO2 and 
associated morphological characteristic and electrowetting performances are presented. This chapter also 
compares the electrowetting performance of SiO2 with other dielectric materials, such as PDMS and Ta2O5 in 
air-water and silicone oil-water media. 
Chapter 5 examines the dynamic behaviour of a ground electrode in electrowetting, including how the ground 
electrode contributes to the contact angle change of a sessile drop in electrowetting. This chapter also compares 
the contact angle change of sessile drop with the dielectric-material-coated ground electrode, and bare-ground 
electrode. Theories and simulation further explain the result of this investigation.  
Chapter 6 provides detail of the two-dimensional and three-dimensional models for simulating electrowetting 
cell behaviour. This chapter explains the physics, parameters and boundary condition required to simulate 
electrowetting cell. The chapter also provides the validation of the simulation study by comparing the 
simulation with the experimental results.  
Chapter 7 describes the fabrication process and experimental analysis. This chapter also explains the 
fabrication process of each component of the proof-of-concept device. The experimental setup is detailed, and 
an analysis of the experimental results is presented and compared with the simulation study. 
Chapter 8 summarises the outcomes of the present research study and derives the conclusions. Based on the 
findings, this chapter also identifies prospects for future research into beam steering electrowetting devices. 
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1.10 Conclusion 
Meeting the research objectives, the present research has the following significance: 
a. The present research aims to enable wide-angle tracking and eliminate the need for bulky mechanical 
equipment for solar energy concentration. It is often difficult to install mechanical trackers on rooftops 
due to their bulky shape and heavyweight. Additionally, these structures are vulnerable to high wind 
velocity and storms, are slow, consume considerable energy and are costly to maintain. This research 
aims to contribute to the development of an electrowetting solar energy concentration device with 
none of the drawbacks of mechanical tracking devices, leading to the development of a novel, flat 
low-profile solar concentration device. 
b. Previous studies have represented conceptual ideas of electrowetting devices with only one-axis 
steering capability. With one-axis steering, high concentration ratios cannot be achieved. In the 
present research, a two-axis steering electrowetting device was designed and fabricated to enable 
wide-angle solar energy concentration.  
c. A simulation model is necessary to predict the deformation of the liquid-liquid interface of the 
electrowetting cell. Therefore, this research includes the development of a simulation model to design 
the electrowetting cell. 
d. Practical implementation of two-axis electrowetting solar concentrators has not yet been reported. 
The fabrication of such a device is a crucial step towards the practical realisation of commercial 
collectors. This research also includes the development of a fabrication procedure for a proof-of-
concept device. 
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Chapter 2 Literature Review 
Electrowetting can be defined as the change in solid-electrolyte contact angle due to the application of a 
potential difference. As noted in Chapter 1, the change in the solid-liquid contact angle depends on several 
factors such as the initial contact angle of the liquid, dielectric constant and thickness of the dielectric material, 
interfacial tension between the liquid and the surrounding media, and the applied voltage. As suggested by 
Mugele and Baret (2005), and Berthier (2013), the Lippmann-Young equation, which defines the contact angle 
modulation with an applied voltage, can be derived using three approaches: (1) classical thermodynamics, (2) 
energy minimisation, and (3) electromechanical. These different approaches will be discussed in the following 
sections. The Lippmann-Young equation is valid up to a certain voltage beyond which no change in contact 
angle occurs—known as the saturation voltage. There are several possible explanations for the existence of a 
saturation voltage, which are also discussed in this chapter.   
 
2.1 Classical Thermodynamic Approach 
According to the thermodynamic approach, tension at the liquid-solid interface plays a vital role in 
electrowetting. Mugele and Baret (2005), and Berthier (2013) provide a thorough description of this in which 
the electric field must penetrate the liquid-solid interface. For example, Figure 2-1 depicts a solid, smooth 
metal surface in contact with a liquid. If the potential difference between the liquid and solid electrode is small, 
no electric current passes through the liquid. However, when an electric field is applied, a potential difference 
develops at the interface, forming a double layer electric charge in the liquid. This double layer formation 
changes the interfacial tension between the solid and the liquid, which consequently alters the contact angle. 
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Figure 2-1. Water drop on a metal surface with an applied voltage potential. 
Gibbs’ interfacial thermodynamics relates any change in interfacial tension to the surface charge density and 
the potential difference, expressed as: 
  effSL SLd dVγ σ=−                                                              (2.1) 
where effSLγ  denotes the solid-liquid effective surface tension,  SLσ is the field-induced solid-liquid surface 
charge density, and dV is the differential electric potential. Due to the double layer formation, a capacitance 
will arise at the interface. Considering the Helmholtz simplification for a finite thickness Hd for a double layer 
formation of counter ions, capacitance is: 
    0 1 H
H
C
d
ε ε
=                                                                     (2.2)   
where 1ε  is the relative permittivity of the liquid and 0ε  is the vacuum permittivity, where
12
0 8.854 10  /F mε
−= × .  
Integrating equation (2.1) and (2.2) gives the Lippmann law:  
( ) 2      ( )  
2
pzc pzc
V V
eff H
SL SL SL SL H SL pzc
V V
CV dV C VdV V Vγ γ σ γ γ= − = − = − −∫ ∫                   (2.3) 
where pzcV  is the electric potential due to the spontaneous charging of the surface without any voltage applied. 
This spontaneous charge appears when a solid surface is immersed in an electrolyte solution. In equation (2.3)
, it is assumed that a voltage drop occurs in the double layer and that no Ohmic loss occurs in the conducting 
liquid. For AC voltage, the double layer develops when the voltage frequency is lower than the inverse 
charging time of the double layer, thus: 
     2
0 1
 
H
D
d
σ
ε ε
=                                                                 (2.4) 
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where D is the ion diffusivity and 𝜎𝜎 is the conductivity of the liquid. Lippmann’s law (equation 2.3) only 
represents the tension change at the liquid-solid interface when a metal electrode surface is in contact with an 
electrolyte solution—it does not describe the change in the contact angle. Using Young’s law, any change in 
the liquid-solid interfacial tension effSLγ  can be translated into the change in contact angle at the liquid-gas-solid 
contact line. The contact angle and surface tension relationships with zero potential, and with potential V, are: 
 0  SG SL LGcosγ γ γ θ− =     
( )  effSG SL LGV cosγ γ γ θ− =                                                      (2.5) 
where θ and 0θ  are the contact angles with voltage V and without any applied voltage, respectively.  
Combining equations (2.3) and (2.5) gives Lippmann-Young’s law: 
2
0cos cos   (  )2
H
pzc
LG
C V Vθ θ
γ
= + −                                            (2.6) 
Equation (2.6) shows the relationship between the contact angle and the applied voltage, and shows how the 
contact angle decreases as the applied voltage is increased. However, due to hydrolysis (water splitting), 
application of Lippmann’s law to a conducting liquid on a solid, metallic electrode is limited. For water, 
~ 2 Hd nm , 1 ~ 80ε , and ~ 0.04 /SL N mγ , and the maximum voltage difference is 0.1 V, which leads to a 
change in surface tension of only ~2%. Where 0.072 /LG N mγ = , the change in contact angle is 
( )0cos 0.01cosθ θ− < .  
With an increase in voltage, the double layer breaks and charge passes from the electrode to the liquid, which 
starts hydrolysis. For a noticeable change in contact angle to occur, a larger voltage is required. The presence 
of a thin dielectric layer between the liquid and the solid electrode can allow larger voltages to be applied 
(Figure 2-2).  
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Figure 2-2. A sessile water drop on top of a dielectric and electrode layer with an applied voltage potential.  
The capacitance of the double layer is much larger than the capacitance of the dielectric film. However, the 
overall capacitance is decreased as the dielectric film and double layer are in series connection. This decrease 
is compensated by the ability to apply larger voltages, which facilitates greater change in contact angle, termed 
electrowetting-on-dielectric (EWOD). The capacitance of the dielectric layer is given by: 
0 DDC d
ε ε
=                                                                   (2.7) 
and the total capacitance of the system is given by: 
 
1 1 1  
D HC C C
= +                                                             (2.8)       
Comparing equation (2.2) with equation (2.7), Hd d  and 1Dε ε< , therefore D HC C . In this situation, 
given that 1−HC  is negligible in comparison to
1−
DC , it can be approximated that DC C≈ .  
According to the above discussion, it can be noted that the voltage drop occurs at the dielectric layer. Thus, 
the Lippmann equation can be written as: 
( ) 2 20     
2 2
eff D
SL SL SL
CV V V
d
ε ε
γ γ γ= − = −                                         (2.9) 
Here, pzcV is removed from the Lippmann equation as its value is much smaller than the voltage V. Using 
Young’s law (equation (2.5)) in equation (2.9), the Lippmann-Young’s law for EWOD is: 
2
0cos 2 LG
Ccos Vθ θ
γ
= +                                                      (2.10) 
This can be interpreted as the change in the contact angle being proportional to the square of the applied 
voltage. The last term in this equation is often called the dimensionless electrowetting numberη , thus: 
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2 20  
2γ 2
D
LG LG
C V Vε εη
γ
= =                                                   (2.11) 
It should be noted that equation (2.10) is only valid up to a certain voltage above which the contact angle does 
not change further with increasing voltage. This limiting voltage is called the saturation voltage of 
electrowetting.  
It is to be noted that both the Lippmann-Young equation and the classical thermodynamic approach can only 
be applied when the triple-phase contact line of the sessile drop (Figure 2.2) is on top of the dielectric-electrode 
layers. Therefore, the application of this approach is limited in terms of the configuration of the liquid-liquid 
interface and electrode position. The main limitation of this approach is that it does not describe how the 
electric field forms in the electrowetting system, and how the electric field force concentrates at the triple-
phase contact line. The advantage of this approach is that, when the triple phase contact line is on top of the 
electrode-dielectric layers and the applied voltages are known, simulation using this method is simple and can 
produce accurate deformation of the liquid-liquid interface. In the hexagonal electrowetting cell design in 
chapter 7, the triple phase liquid interface is on top of the electrode-dielectric coated sidewall. Therefore, to 
investigate the deformation of the liquid-liquid interface, the thermodynamic approach is used in the simulation 
model. 
 
2.2 Energy Minimisation Approach 
The second approach to calculate the change in contact angle with an applied voltage uses the energy 
minimisation principle, which can include the influence of surface roughness parameters and interfacial 
energies (Mugele and Baret 2005). It is usually a numerical procedure using computational fluid dynamics to 
find the minimum potential energy state of molecules. Conserving both the externally applied energy and the 
interfacial energies, a sessile drop tends to stabilise its shape. According to the energy minimisation approach, 
at the equilibrium state, the gradient of energy E at the surface of a sessile drop is zero. Under this condition:  
 0dE
dθ
=                                                                 (2.12) 
As described in Mugele and Baret (2005), the energy minimisation approach is not dependent on the Maxwell 
force at the interface, or the change of liquid-solid interface tension. For a small drop, the gravitational force 
is negligible, which corresponds to a bond number (a dimensionless number that is the ratio of gravitational 
force to interfacial tension force) of less than one. In such instances, interfacial tension determines the shape 
of the drop.  
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In the energy minimisation approach, a droplet remains spherical with a contact angle θ  and radius R. The 
energy E of a droplet depends on the droplet radius R, contact angle θ , and system parameter p (where p is a 
set of parameters such as applied voltage, dielectric constant, ion concentration, and temperature) expressed 
as: 
 ( ), ;E E R pθ=                                                            (2.13)                      
Here, θ  represents the contact angle without any externally applied energies. For an equilibrium state of the 
droplet, energy should be at its minimum. In the equilibrium condition, the change in energy is zero. With 
respect to R and 0θ , the energy change can be written as: 
( ) ( )  , ;  , ;  0E EdE R p dR R p d
R
θ θ θ
θ
∂ ∂
= + =
∂ ∂
                                     (2.14) 
Using the energy minimisation approach, the Lippmann-Young equation is further derived as: 
2
0
0cos cos  2
D
LG
V
d
ε ε
θ θ
γ
= +                                                    (2.15)   
The derivation of the Lippmann-Young equation utilising the energy minimisation approach is presented in 
the Appendix-I of this thesis report.  
This approach considers the interfacial energy and the energy stored in the dielectric material. However, it 
does not describe how the forces are applied in the contact line or how the contact angle changes. Moreover, 
the energy minimisation approach does not consider the effect of viscosity. Also, energy minimisation 
addresses static systems — it does not explain the hydrodynamic system of electrowetting. In contrast, the 
electromechanical approach (section 2.3) can address all these phenomena.  
 
2.3 Electromechanical Approach 
Neither the thermodynamic nor the energy minimisation approaches explain the Maxwell electromagnetic 
force at the contact line. They also do not explain the dynamic motion of liquids in electrowetting. Moreover, 
to consider the liquid viscosity and forces exerted by an electric field, rigorous analysis is required to account 
for the Maxwell electromagnetic force. In an electromechanical approach, Lippmann-Young’s law is derived 
by considering both the Maxwell force and the viscosity effect. 
Kang (2002), Jones et al (2003), Jones (2005), and Ho et al (2011) first introduced the electromechanical 
approach to electrowetting, which is also reviewed by Zeng and Korsmeyer (2004b). Before describing the 
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approach, some fundamental principles of electrokinetic must be reviewed. Firstly, according to Coulomb's 
law, electric force Fji arises between two charges, qi and qj, at a scalar distance rij, denoted as: 
 
2
0
1    
4
F F e
πε
= − = i j ij
ij
q q
ji ij
r
                                                 (2.16)   
where ije  is the unit vector from charge qi to qj: 
  
ijr
= ijij
r
e                                                                  (2.17) 
When more than two charges are present in the system, the principle of superposition dictates and the net force 
is the summation of the effects of isolated charges. Therefore, the force acting on a charge qi due to multiple 
charges is: 
                        2
0
    
4
j j
i ij
q q
rπε
= ∑ ijFj e                                                      (2.18) 
The electric field of a charge qi at a point j is: 
 
2 3
0 0
      
4 4
i
j ij
q q
q r rπε πε
= = =ji ij
F
E e r                                               (2.19) 
where ri is the displacement vector and ri is the scalar distance from the charge  iq to the point at which E is 
evaluated. This electric field can exert a force on the charge and move it from one point to another. The work 
done to move a charged particle from point ‘a’ to ‘b’ is given as: 
( ) ( ) 1    .  .
b b
a a
W b a d d
q
ϕ ϕ= − =− =−∫ ∫F s E s                                         (2.20) 
where ϕ  is the scalar electrostatic potential. When the reference point is infinity, the potential at a given point 
for a single charge at the origin is: 
 
0
1   
4
q
r
ϕ
πε
=                                                              (2.21) 
For multiple charges, the potential can be written as:  
                                                            
0
 
4
i
i i
qq
r
ϕ
πε
= ∑                                                             (2.22) 
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To identify the effect of charge distribution, it is essential to identify the charge density. Charge density can 
be calculated with respect to a line, a surface, or a volume. The charge density in an elementary line segment 
l∆  is defined as: 
  0   
lim
e
ql
l
λ ∆=∆ →
∆
                                                           (2.23) 
Surface density for an elementary surface s∆  is defined as: 
  0   
lim
es
qs
s
σ ∆=∆ →
∆
                                                         (2.24) 
Volume charge density for an elementary volume v∆ is defined as:  
 0   
lim
e
qv
v
ρ ∆=∆ →
∆
                                                         (2.25) 
The total charge in a system is defined as:     
       e e
l
s e
s v
Q dl ds dvλ σ ρ= + +∫ ∫ ∫                                                  (2.26) 
With respect to charge density, electric field and potential can be written as: 
3
0
1   
4
e dv
r
ρ
πε
= ∫E r                                                        (2.27) 
0
1  
4
e dv
r
ρ
ϕ
πε
= ∫                                                           (2.28) 
For the following Cartesian coordinate system:  
   x y zE E E= + +E i j k                                                      (2.29) 
d dx dy dz= + +s i j k                                                       (2.30) 
Equation (2.20) can be written as: 
   x y zd E dx E dy E dzϕ− = + +                                                 (2.31) 
and alternatively,  ϕ=−∇E                                                     (2.32) 
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A vector is conservative if it is a divergence of a scalar function. Thus, an electric field is conservative as it is 
derived from the divergence of a scalar potential function. As the field is conservative, the line integral of the 
field is independent of the path taken. Therefore, around a closed path, the line integral is equal to zero: 
. 0
C
d =E s∮                                                                (2.33) 
This is in accordance with Stokes’ theorem: 
Γ
.  ( ). .
S
d dA= ∇×∫f s f n∮                                                      (2.34) 
where f is a vector field defined in three-dimensional space R; S is a piecewise smooth, orientable surface 
within R bounded by a piecewise smooth, closed curve Γ; and n is the outward normal unit vector to the surface 
S with an elementary area dA.  
Equation (2.33) and (2.34) denote that:  
0∇× = E                                                                  (2.35) 
meaning that the electric field is curl free or it is an irrotational field. This can also be written as: 
 ( )   0ϕ∇ × −∇ =                                                           (2.36) 
which also proves the irrotational property of the electric field, as the curl of the gradient of a scalar field is 
zero. 
2.3.1 Gauss’ Law 
The electric field passing through an infinitesimal element dA is defined as: 
Φ  .  
S
dA=∫E n                                                             (2.37) 
Two scenarios are considered Figure 2-3, one in which the point charge is outside of the elementary volume 
and one in which the point charge is inside the elementary volume.  
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Figure 2-3 Electric field flux (a) when the point charge is outside of the element bounded by surface S and 
(b) when the point charge is inside the sphere element with surface S (reproduced from Chang and Yeo 
2008). 
The first scenario (Figure 2-3a) considers two surfaces, Aʹ and Bʹ, of an elementary volume. The electric field 
flux entering through surface Aʹ leaves through surface Bʹ. Because of this, the net flux is zero: 
' '
Φ  .   .   .  0
S A B
dA dA dA= = + =∫ ∫ ∫E n E n E  n                                        (2.38) 
The second scenario (Figure 2-3b) assumes that the charge is at the centre of an elementary volume dv. For 
simplicity, the elementary volume is assumed to be an elementary sphere. As the charge is at the centre of the 
sphere, the electric field spreads in every direction from its surface (Figure 2-3b). For a sphere with the radius 
r and the surface area 4 2rπ , net flux is defined as: 
2
2
1
Φ  .   4 )  
4
(E n π
ε επ
= = =∫
o oS
q qdA r
r
                                      (2.39) 
For a system of multiple charges, the principle of superposition can be applied, thus: 
0
1
Φ  .   E n
ε
= = ∑∫ i
iS
dA q                                                     (2.40) 
With respect to volume charge density, Gauss’ law shown in equation (2.39) can be written as:  
0
1.     e
S V
dA dVρ
ε
=∫ ∫E n                                                      (2.41) 
According to the Gauss divergence theorem, the integral of a vector over a surface is equal to the gradient of 
that vector inside the volume bounded by the surface: 
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.   .  
S V
dA dV= ∇∫ ∫E n E                                                        (2.42) 
which can therefore be written as:  
( ) 2
0
.  .   eE ρϕ ϕ
ε
∇ =∇ −∇ =−∇ =                                                 (2.43) 
2.3.2 Hydrodynamic Equations Involving the Maxwell Stress Tensor  
With density ρ, the mass, momentum, and energy conservation equations are as follows: 
( ) . 0
t
ρ ρ∂ +∇ =
∂
u                                                           (2.44) 
( )( ) eu uu  T Fρ ρ∂ +∇ =∇ +∂  . .t                                                (2.45) 
( ) ( ) 2 . . .ˆ . σ
ˆ
eu  T u F u E
∂  +∇ =∇ − + + ∂
qE E
t
                                    (2.46) 
where Eˆ  is the internal energy, u  is the velocity vector, eF  is the external force acting on the system, T is 
the total internal stress tensor, q is the heat flow vector per unit area, and σ  is the electrical conductivity, which 
accounts for electrothermal effects. According to Fourier’s law, the heat conduction rate is: 
T k=− ∇q                                                                 (2.47) 
where k  is thermal conductivity and T is the temperature of the liquid body. The total internal stress tensor is: 
( ) ( ) .TV Mp p µ  =− + + =− + ∇ + ∇ + ∇ +  MT  I  T  T  I  u u u I T                         (2.48) 
where 𝑰𝑰 is the unit tensor and 𝜇𝜇 is the first coefficient of viscosity. The specific heat capacity VC  at constant 
volume and change in internal energy are related as:  
( )
 ˆ  
1v
PE C T
ρ γ
∂ = ∂ =
−
                                                    (2.49) 
Using equations (2.47), (2.48), and (2.49) in equation (2.46): 
( ) 2. T  . .  σv
TC p k T
t
ρ ∂ + ∇ =− ∇ +∇ ∇ +∅+ ∂ 
u u  E                                   (2.50) 
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where ∅  is the dissipation rate of energy per unit volume (also termed as viscous dissipation) defined as:        
 .∅ = ∇vT u                                                                 (2.51) 
Together, equations (2.44), (2.45), and (2.50) are termed the Navier-Stokes equations. 
For an incompressible, Newtonian and isotropic liquid, and neglecting viscous dissipation, the Navier-Stokes 
equations can be simplified to:  
 . 0∇ =u                                                                   (2.52) 
2 . p μ .
t
ρ ∂ + ∇ = −∇ + ∇ + +∇ ∂ 
u u e Mu u  F T                                        (2.53) 
( ) 2. T  . σv
TC k T
t
ρ ∂ + ∇ =∇ ∇ + ∂ 
u E                                            (2.54) 
In dielectric liquids like water, molecules behave like dipoles (with positive and negative charges) that are 
randomly oriented in the absence of an electric field. This cancels out the Coloumbic force. However, with an 
external electric field applied, dipole molecules in water align themselves according to their charge orientation. 
Inside the liquid, the electric field is balanced by positive and negative dipole ends, but at the interface, a net 
charge distribution arises. This creates an outward normal directional jump in the electric field from the liquid 
interface surface. The dielectric polarisation is described as:  
( )0 0 0 1 e rxε ε ε ε ε= + = + = =D E E P  E  E                                        (2.55) 
where D is the electric displacement and P is the polarisation density:  
0 exε=P  E                                                                 (2.56) 
where ex is electric susceptibility, indicating the dielectric material polarisation when subject to an electric 
field. The polarisation density is a vector field that identifies the density of a permanent or induced dipole 
moment in a dielectric material. As the dielectric liquid with an applied electric field acts as a conductor, the 
resultant tangential component of the electric field is zero, expressed as: 
[ ]. 0oi i =E t                                                                (2.57) 
where t denotes tangential unit vector to the interface; the square bracket denotes the jump in the interface 
obtained by subtracting the value from the inner phase with the notation i to the outer phase with the notation 
o.  
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As mentioned previously, an outward jump occurs in electric field displacement (electric flux density), which 
is equal to the free surface charge per unit area at the interface: 
 [ ]. s
o
ei
ε σ=E n                                                              (2.58) 
For a dielectric medium, according to the Poisson equation:  
( ). eε ϕ ρ∇ ∇ = −                                                            (2.59) 
The Maxwell electric force, which describes the electrokinetic phenomena, is represented in the Korteweg-
Helmholtz force density as follows:  
)1 ( .  
2e T
ερ ε ρ
ρ
∂
= − ∇ −
∂
E Ef  E                                               (2.60) 
The first term ( Eρe ) of the right side in above equation represents the Coulomb force due to the volume 
charge density eρ . In the second term (
1 ( .
2
)εε ρ
ρ
∂
∇ −
∂
E E
T
) of this equation right side, there are two 
components. The first component (
1 ( .
2
)ε∇ E E ) of the second term represents the gradient of permittivity at 
the interface that arises due to inhomogeneity of permittivity of the two different mediums. The second 
component ( )1 ( .
2
ερ
ρ
∂
∇
∂
E E
T
) of the second term denotes the gradient of permittivity with a gradient of the 
density of the liquid. For an incompressible fluid, this second component of the second term can be omitted 
from the equation.  
Considering equation (2.55) and (2.59) in equation (2.60), and considering an incompressible liquid, equation 
(2.60) can be written as:  
( ) 1.  . ε
2
= ∇ − ∇D Ef E E                                                    (2.61) 
This can also be written as:  
( )1. .
2
ε ε = ∇ −  
f EE  E E I                                                 (2.62) 
Here, I is termed as the second-order isotropic tensor. The above equation can be expressed as the divergence 
of a tensor: 
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.=∇ Mf  T                                                                  (2.63) 
The Maxwell stress tensor can be written as: 
2
0
1
2ik i k ik
T E E Eε ε δ = − 
 
                                                 (2.64) 
where E2 corresponds to 2E  and δik is the Kronecker delta function where δik = 0 if i ≠ k and δii = 1. Here, i 
and k denotes the x and y coordinate direction. 
The force acting on an elementary volume dV can be derived by integrating equation (2.63). This force is also 
the same as integrating the momentum flux density or the Maxwell stress tensor on the surface dV. The total 
force on the body can be derived using the Gauss divergence theorem: 
 .    .  M M
V V S
dV dV dA= = ∇ =∫ ∫ ∫F  f T n T                                            (2.65) 
Surface integration of Maxwell stress tension is easier to solve than the volume integration. For a perfect 
conducting liquid, the electric field is perpendicular to the surface of the liquid as shown in Figure 2-4. As the 
liquid is conducting, the electric field vanishes in the liquid domain.  
 
Figure 2-4. Electric field and force jump outwards, normal to the liquid surface. 
Assuming the x-directional component of an x, y, z coordinate system along the unit vector n, the electric field 
is E = (Ex, 0, 0) in a gas domain and E = (0, 0, 0) in a liquid domain. Therefore, in a gas domain the Maxwell 
tensor becomes: 
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and in a liquid domain becomes: [T] = [0] 
By integrating equation (2.65) the net force on the elementary surface area δA is: 
20  
2 2
s
e
F P n E n E
A
ε σ
δ
= = =


 
                                                  (2.67) 
As shown in equation (2.67), the net force per unit area is equal to electrostatic pressure eP  in the normal 
direction, which is given as: 
 20 / 2eP Eε=                                                             (2.68) 
The electrostatic pressure eP  acts on the liquid surface as negative pressure and distorts the liquid-gas interface. 
As shown by the last term of equation (2.67), this surface distortion also depends on the charge density on the 
surface. In electrowetting, charges are located at the triple phase contact line (Figure 2-5) at an approximate 
distance equal to the thickness of the dielectric layer d. Vallet et al (1999) and Kang (2002)  explained this 
surface distortion using Schwarz-Christoffel conformal mapping, as shown in Figure 2-6. In this explanation, 
the electric potential 𝜙𝜙 satisfies Laplace’s equation 2 0φ∇ = and is a harmonic function. The conformal 
mapping transfers the electric potential φ  and electric field E for a half plane to the function of a wedge. This 
conformal mapping shows that the electric charge and the electric field are confined at the contact point of the 
triple phase. 
 
Figure 2-5. Charge concentration and electric field at the contact line. 
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Figure 2-6. (a) Conformal mapping of the electric field and electric potential and (b) electric field 
concentration at the corner edge point of a wedge (Vallet et al 1999; Kang 2002). 
These charges and field concentrations produce a finite Maxwell force at the contact line, which can be 
obtained by integrating equation (2.67): 
20
2
D
horizontalF Vd
ε ε
=    
                                                       20 1
2
D
verticalF Vd tan
ε ε
θ
=                                                (2.69) 
Therefore, the Maxwell force is concentrated in a small region, to the triple phase contact line, and a point 
force exists at that location (Figure 2-7).  
 
Figure 2-7. Force components at the triple contact point. 
 
According to Figure 2-7, the force balance in the horizontal direction is: 
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                                         coshorizo LaSG Gnt l SLFγ γ γ θ+ = +                                                  (2.70) 
                              20 cos
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which can be rearranged as:  
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                                              (2.72) 
Further rearrangement of equation (2.72) reinstates the Lippmann-Young equation as:  
2
0
0cos 2
D
LG
Vcos
d
ε ε
θ θ
γ
= +                                                        (2.73) 
From the above description, it is evident that the electromechanical approach correctly simulates the electric 
field and hence the electric field force concentration. Because of that, the study in chapter 5 used 
electromechanical approach to derive the magnitude of the electric field force at the triple phase contact line 
of the sessile drop. 
2.4 Explanation of the Saturation Effect 
In electrowetting experimental investigations, it has been observed that above a certain voltage the contact 
angle of a sessile drop does not change further if higher voltages are applied. This phenomenon of contact 
angle saturation is considered a limiting factor for the application of EWOD systems. The voltage at which 
this saturation occurs is termed as the saturation voltage. Many theories have been proposed in the literature 
that stipulate different mechanisms for the saturation effect. However, such theories are not yet proven. The 
following sub-sections provide a brief description of these theories. 
2.4.1 Increasing Vertical Force at the Contact Line 
As described for the electromechanical approach in section 2.3, forces are applied to the contact line due to 
the charge concentration. These forces create the deformation of the liquid drop shape. As shown in Figure 
2-7, there are two components of this force: a horizontal component horizontalF  and a vertical force component 
verticalF . Equation (2.69) represents the value of both of these forces. Initially, when a voltage is applied to the 
EWOD system, the horizontal force component is dominant, which spreads out the contact line. According to 
the Lippmann law, with the application of voltage the solid-liquid interfacial tension decreases, which makes 
the horizontal force dominant in the EWOD system. When increasingly higher voltages are applied, the contact 
angle of the liquid drop decreases and thus the vertical force increases. The theory predicts that the vertical 
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force reaches infinity when the contact angle is zero. Above a certain contact angle, the vertical force becomes 
equal to the horizontal force; this balance of force components corresponds to the saturation effect of the liquid 
drop. Thamida and Chang (2002) suggested that the distortion of the contact angle and the ejection of nano-
drops near the saturation voltage occurs due to this increased vertical force. 
2.4.2 Trapping of Charges in the Insulator 
Verheijen and Prins (1999) proposed a saturation model in which charge is trapped inside the insulator when 
a large voltage is applied to the EWOD system. The model is most suitable for electrolyte solutions (with 
dissolved ions). Figure 2-8a shows an idealised case in which no charge is trapped inside the insulator at low 
voltage. Figure 2-8b shows the trapped charge in the insulator at a distance d1 from the top and d2 from the 
bottom. According to Verheijen and Prins (1999), when a charge gets trapped inside an insulator, the charge 
density at the triple contact line does not increase further with increasing voltage. Therefore, the force remains 
the same at the contact line even with increasing voltage, causing the saturation effect in the EWOD.  
 
Figure 2-8. (a) No charge trapping and (b) charge trapped in the insulator. 
In Figure 2-8b, 𝜎𝜎𝐿𝐿 is the charge density at the liquid-solid interface and Tσ  is the trapped charge density in the 
insulator. Assuming the potential between the trapped charge and the electrode is VT, the effective voltage on 
the triple line would be (V – VT) rather than V. As a result, the modified Lippmann-Young equation would be:  
2
0cos cos   (  )2
H
T
LG
C V Vθ θ
γ
= + −                                               (2.74) 
Note that the trapped charge voltage VT is a function of V. At saturation, when V ˃ Vsat or V <-Vsat, the contact 
angle does not change. When saturation occurs, V–VT = Constant. For the voltage over the saturation limit, 
this equation can be further simplified to VT = V + Constant. Before the saturation effect, the trapped voltage 
VT is zero. This phenomenon is also true for negative saturation voltage –Vsat. The relationship between VT 
and the applied voltage V is shown in Figure 2-9.  
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Figure 2-9. The relationship between (a) trapped charge voltage with an applied voltage V and (b) trapped 
charge density with an applied voltage. 
These trapped charges have been experimentally observed by Verheijen and Prins (1999), although they note 
that it is difficult to determine a quantitative value for VT. 
2.4.3 Zero Solid-liquid Surface Energy 
The theory of ‘zero solid-liquid surface energy’ used describe saturation of contact angle was presented by 
Peykov et al (2000) and Quinn et al (2003). This is also termed the ‘PQRS model’ in Berthier (2013). This 
model is aligned with the thermodynamic approach described in section 2.1. Here, solid-liquid surface tension 
decreases with increasing voltage, which in turn modulates the contact angle. This phenomena has been 
presented in Lippmann equation (2.9) as:  
( ) 2 20     
2 2
eff D
SL SL SL
CV V V
d
ε ε
γ γ γ= − = −                                       (2.75) 
where ( )effSL Vγ  is the reduced and effective surface tension due to the applied voltage V. This reduced solid-
liquid surface tension can also be represented in the Young equation (2.5) as: 
( ) 0  effSG SL LGV cosγ γ γ θ− =                                                       (2.76) 
As the solid-liquid surface tension decreases with increasing voltage, the theoretical limit for the reduction of 
surface tension is zero. At zero solid-liquid surface tension ( )effSL Vγ , the projection of liquid-gas surface 
tension LGγ  is equal to the surface tension of solid-gas SGγ . When this limiting value is reached, the EWOD 
system experiences the saturation effect with a saturation angle Satθ .  
Figure 2-10 represents surface tension and contact angle modulation with voltage from zero to saturation 
voltage.    
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Figure 2-10. Contact angle and surface tension at (a) zero potential, (b) applied voltage V, and (c) saturation 
voltage Vsat. 
At saturation voltage, equation (2.75) reduces to: 
( )  SGsat sat
LG
cos cos V γθ θ
γ
= =                                                       (2.77) 
 
From equation (2.77):  
arccos SGsat
LG
γ
θ
γ
 
=  
 
                                                             (2.78) 
Using equation (2.77), the saturation voltage can be derived as:   
( ) 1/21/2, 0 02 2    SL SG LGsat
Cos
V
c c
γ γ γ θ − 
= =  
   
                                    (2.79) 
Hence, the theoretical formula of saturation voltage can be derived using the PQRS formula.  
As noted by Berthier (2013), it is difficult to measure the solid-gas surface tension 𝛾𝛾𝑆𝑆𝑆𝑆 . However, as noted in 
Zisman (1964), and Berthier (2013), for apolar surfaces such as Teflon, Parylene, PET (polyethylene 
terephthalate), and PTFE (polytetrafluoroethylene) the value of wetting surface tension (Zisman’s criterion) 
can be used to identify the solid-gas surface tension. This approximated value for an apolar surface has given 
good agreement with experimental values and PQRS model saturation voltage predictions.  
2.4.4 The Increase of Resistance of The Liquid 
Fortner and Shapiro (2003), and Shapiro et al (2003) introduced a different theory to explain the saturation 
effect. They suggest that a droplet in an EWOD experiment does not often function as a purely conductive 
liquid. Instead, small resistance exists in the liquid that is correlated to the shape of the liquid drop. The drop 
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acts mostly like an RC (resistance-capacitance) circuit with finite resistivity; instead of a conducting liquid, 
there is resistivity along the liquid from the top electrode to the bottom electrode. With decreasing contact 
angle, the droplet spreads out, increasing the distance between the top needle electrode and the contact line, 
thereby increasing the resistance from the top electrode to the triple contact line. A further increase in voltage 
is balanced out by the increase in resistivity through the drop, and hence saturation occurs. According to this 
theory, saturation is a geometrical effect with increasing resistance inside the liquid.  
2.4.5 Ionisation of Air 
Vallet et al (1999) proposed that air surrounding the EWOD liquid becomes ionised. In their experimental 
work, they observed that the luminescence of a region close to the triple line increases significantly when the 
voltage approaches the saturation voltage. At the triple line, a high electric field extends from the conducting 
fluid into the air and ionises the surrounding air. As the air becomes ionised at increasing voltages, charges at 
the triple contact line ‘leak out’ into the air from the droplet. Therefore, the charge density at the triple contact 
line does not increase with increasing voltage, hence the EWOD system experiences a saturation effect.  
2.5 Summary 
This chapter has given a thorough explanation of the theoretical background of electrowetting. The discussion 
showed that the Lippmann-Young equation, which defines the contact angle change in an EWOD system, can 
be derived using three different approaches based on (1) classical thermodynamics, (2) energy minimisation, 
and (3) electromechanical.  
According to the classical thermodynamic approach (section 2.1), the liquid-solid interface tension plays a 
vital role in electrowetting; when an electric field is applied on a metal surface containing an electrolyte 
solution, a potential difference develops at the interface of the electrolyte and solid. This potential difference 
forms a double layer electric charge in the liquid, at the interface. The double layer formation changes the 
interfacial tension between the solid-liquid interface, which in turn changes the contact angle.  
The energy minimisation approach to electrowetting (section 2.2) focusses on the interfacial energies between 
the liquid, the solid surface, and the surrounding medium. According to this approach, the liquid drop in 
electrowetting will stabilise its shape by configuring to the minimum interfacial energy state. The Lippmann-
Young equation can be derived using the energy minimisation approach.  
Neither the thermodynamic or energy minimisation approach explain the Maxwell force at the triple phase 
contact line of a sessile drop in electrowetting. Also, an energy minimisation approach does not consider the 
viscous effect of liquid and thus any transient effects. In contrast, the electromechanical approach (section 2.3) 
provides insight into the underlying physics of electrowetting by considering electric fields and fluid flow. It 
explains how charge concentrations are generated at the triple phase contact line and how they generate an 
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electric field concentration and consecutive electromotive force. The electromechanical approach also couples 
the electromotive force generated at the triple contact line with fluid flow equations such as the Navier-Stokes 
equations. Because of this coupling of the Maxwell stress tensor force and the Navier-Stokes equations, the 
electromechanical approach facilitates analysis of the dynamic behaviour of liquid in electrowetting.  
Several theories used to explain the saturation voltage of electrowetting were discussed in section 2.4. In 
section 2.4.1, saturation was explained by the increase in the vertical force component at the triple contact line. 
Section 2.4.2 suggested that saturation of the contact angle occurs due to the trapping of charges in the 
insulator. These trapped charges have a shielding effect at the triple contact line, which prevents further 
increase of charge concentration and the increase of electromotive force. According to section 2.4.3, the solid-
liquid surface energy reaches zero at the saturation voltage. Therefore, no change in the contact angle occurs 
beyond the saturation voltage. According to section 2.4.4, saturation occurs due to the increasing resistance of 
the liquid as it spreads over the dielectric surface. Section 2.4.5 suggested that the saturation effect results from 
the ionisation of the surrounding liquid adjacent the triple contact line.  
The detailed discussion of different theories in this chapter provides an in-depth understanding of the physics 
of electrowetting that will underpin the simulations and the analysis of experimental results described in the 
subsequent chapters. 
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Chapter 3 Literature Review - Beam 
Steering Electrowetting Device 
Fabrication. 
An important challenge in electrowetting beam steering devices is the optimisation of the design and 
fabrication process for each of their main constituent components, to maximise optical efficiency. This 
chapter report on the state-of-the-art fabrication methods for electrowetting devices for solar beam steering. 
The chapter has reviewed the present status of different components types and related fabrication methods, 
and how they affect the efficiency and performance of such devices. The work identifies future prospects in 
using electrowetting beam steering devices for solar energy applications. The findings of this review chapter 
help researchers and developers in the field to determine the components and fabrication process that affect 
the development of efficient beam steering electrowetting devices. 
 
3.1 Electroweting as an Adaptive Self-tracking Solar Energy Concentration System 
Systems with the adaptive capability to track the sun without the need for mechanical moving parts are defined 
as the adaptive self-tracking solar energy concentration systems. Research is moving towards an adaptive self-
tracking system which can eliminate many of the drawbacks mentioned above. As an example, a flat adaptive 
tracking system will abolish the use of mechanical components, the large area required for rotational operation, 
and minimise installation and maintenance cost. Recent studies on the adaptive concentrating photovoltaic 
(CPV) system has been reviewed in (Apostoleris et al 2016). 
Recently electrowetting has gained considerable attention for many applications in different fields. The 
application of electrowetting to beam steering and solar energy concentration has emerged as a new research 
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field. Electrowetting depends on several factors, for example, selection of an appropriate liquid, electrode 
material and shape, substrate, cell structure, power supply type and range. For solar beam steering 
electrowetting devices, each of the components should be transparent at solar wavelengths (0.4 to 2.5 µm) to 
allow maximum solar energy transmission. They also need to be physically and chemically stable for long 
operation period under the exposure of sunlight.  
For an electrowetting solar energy steering device, the most important feature is to maximise the contact angle 
change to steer sunlight over a wide range of sun positions. From equation (1.5), it is also evident that the 
contact angle change can be increased for a given voltage by increasing the dielectric constant, decreasing the 
thickness of the dielectric layer and reducing the interfacial tension. Equation (1.5) is valid until the applied 
voltage reaches the saturation voltage – a voltage above which the contact angle does not change with 
increasing applied voltage.  
Several studies have described the use of electrowetting for solar energy and optical beam steering applications 
using a variety of different materials and fabrication processes. Although different researchers have studied 
different designs of beam steering electrowetting devices, there is no consensus on which direction to focus to 
achieve optimal performance. Based on the state-of-the-art beam steering electrowetting devices, their 
optimisation regarding components and fabrication process has not yet been achieved. 
By reviewing the present status of electrowetting devices, this chapter compared aspects of their fabrication 
for each component to achieve efficient solar energy harvesting. This chapter identifies the key components 
choices and fabrication processes for their use in solar systems and beam steering applications.  
 
3.2 Recent Studies on Beam Steering Electrowetting Devices 
Several studies have utilised electrowetting lenses for light and solar energy steering and concentration. As 
previously mentioned, component selection is critical in the capability of electrowetting devices, particularly 
for solar energy devices where maximum energy transfer is required. Table 3-1 summarises the liquid 
selection, the shape of the design, maximum voltage, interface deflection and light steering capacity from 
recent studies.  
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 Figure 3-1 shows the schematics of the different designs and components of the recently reported beam 
steering electrowetting devices. The designs are mainly in one of two configurations; a sessile drop (a liquid 
drop sitting on a surface in air) or two immiscible liquids in a container. With the sessile drop design, the main 
objective is to focus the light. With a liquid container with two immiscible liquids design, the objective is to 
steer the light to a specific angle to be focused with another lens.  
The liquid lens array of Smith et al (2009) as shown in Figure 3-1a was fabricated on a substrate of MicroChem 
KMPR photoresists. The switching time of the design to change from a planoconcave lens to plano-convex 
lens was 2 ms. The design of the wall of the liquid lens of Takai et al (2012) is slightly tapered (as shown in 
Figure 3-1c), and the indium-tin-oxide ITO was patterned on the wall surface. Eight linear micro prisms were 
fabricated with a pitch of 580 μm and a focal length of 7 mm. In the design of Boer et al (2010), the base of 
the frustum was 4.3 mm; the height was 7.4 mm, and the tapering angle was 10° (Figure 3-1h). Water with a 
refractive index of 1.33 and an oil mixture with a refractive index of 1.53 was used in the container. ITO was 
used as an electrode, patterned on the faces of the frustum. Using the dispersion of light through the designed 
electrowetting prism (Figure 3-1i-j), Cheng et al (2013) calculated a required area of more than 16×16 mm2 to 
collect the energy at wavelengths of 400 nm, 500 nm, 600 nm and 1600 nm.  
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Table 3-1. Electrowetting beam steering publication data. 
Reference Liquid design 
Maximum 
voltage 
Interface 
deflection 
Light steering 
Boer et al 
(2010) 
Frustum shape with two 
immiscible liquid: Water with 0.1 
M KCL (Potassium chloride) and 
oil mixture of 44% perhydro 
fluorene and 56% 1,1,5,5-
tetraphenyl-1,3,3,5-
tetramethyltrisiloxane. 
120 Vrms AC 
voltage. 
Meniscus tilt 
of +31° and 
27°. 
Light deflection 
angle is ±6°. 
Smith et al 
(2006) 
Rectangular container with two 
immiscible liquid, e.g., water and 
glycerin-KCl solution of 
80:20:0.1 mixture by weight. 
80V DC on one 
side and 30V on 
another side. 
Contact angle 
modulation 
from 70° to 
110°. 
Continuous beam 
steering through an 
angle of 14° (±7°). 
Cheng et al 
(2013) 
Rectangular container with two 
immiscible fluids, e.g., water and 
optical fluid SL-5267 
(SantoLubese). Water is deionised 
(DI) water with 1 wt% of KCl and 
1 wt% of SDS (Sodium dodecyl 
sulfate). 
 
AC 45 V on one 
side and 10 V 
on another side 
at 20 Hz. 
Interface 
deflection 
±45°. 
Steer sunlight ± 15°. 
Takai et al 
(2012) 
Fresnel lenticular array of two 
immiscible liquid: aqueous LiCl 
(Lithium chloride) solution and 
silicone oil. The bottom liquid is 
oil and the top liquid is water.  
DC 81.5 V to 
69V. 
Not available. 
Deflection of light is 
±3.5°. 
Takei et al 
(2013) 
A sessile drop of silicon oil inside 
a water droplet.  
Maximum DC 
70 V. 
Interface 
deflection ± 
15°. 
Shifting the view 
direction to 6.3° and 
switching the focal 
length from 33.0 
mm to 15.4 mm. 
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Izadian 
(2013) 
Liquid lens with a sessile drop of 
DI water. 
Maximum cell 
power at 70 V. 
Not available. 
Maximum focal 
length distance of 
6.0 mm. 
Kuiper and 
Hendriks 
(2004) 
Variable focus lens. Cylindrical 
container with two immiscible 
liquids: aqueous solution with 
20% lithium chloride as the 
working liquid and a mixture of 
phenylmethyl siloxane and few 
per cent of carbon tetra-bromide 
as an insulating liquid. 
120 V. Not available. 
Focusing range 
from 50cm to 2cm. 
Cheng and 
Chen 
(2011) 
Rectangular container with two 
immiscible liquid: water as the 
working liquid and silicone oil as 
the insulating liquid.  
44V AC on one 
side and 19 V 
on another side, 
with a frequency 
of 20Hz. 
Interface 
modulated in 
between+26° 
to -26°. 
Tracking range of 
beam is in between 
0° and 15°. 
Tsou et al 
(2013) 
Sessile drop of DI water. 200 Vrms, 1 kHz. Not available. 
Sun tracking angle 
of ±15°. 
 
 
 
 
 
 
 
 
 
47 
 
 
 
48 
 
 
 
 
Figure 3-1 (a) Fabrication of a 12,000 circular switchable liquid micro-lens array as in Smith et al (2009) 
design. (b) Electrowetting lens design, combining pan-tilt and focus function as demonstrated by Takei et al 
(2013). It was proved that the electrowetting liquid lens could be utilised for both beam steering and 
focusing. (c-d) A lenticular Fresnel lens by combining linear electrowetting micro prisms (Takai et al 2012). 
The device can switch in between a prism array and a lenticular lens, (e-f) The focusing of the light beam 
according to the design of Kuiper and Hendriks (2004). They demonstrated this design for use with mobile 
phones. (g) Tsou et al (2013) design with droplet manipulation for concentrated photovoltaic (CPV). The 
droplet was placed on top of a liquid crystal and polymer composite film (LCPCF) and works both as a point 
concentrator and a sun tracker for CPV systems. (h) Boer et al (2010) experimentally demonstrated a low-
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power beam deflector device based on electrowetting. (i-j) Cheng et al (2013) fabricated their design with 
the comparatively large structural size of 10×10×18 mm3. (k) Experimental setup of Clement et al (2017) 
optofluidic tunable Fresnel lens consisting of 3 X 1 prism cell array. In this design, they achieved an angle of 
6.2° and 6.4° for 1β  and 2β . 
 
The designs of the electrowetting beam steering device mentioned in Figure 3-1 have some limitations. Table 
3-2 have analysed the critical aspects of each of the design as mentioned in Figure 3-1. Table 3-2 gives useful 
information for future research and development of beam steering electrowetting device. Recent research has 
started to provide proof of concept devices, particularly for solar energy beam steering applications. There is 
still, however, a scarcity of thorough research data on electrowetting for this application. So far the studies of 
Cheng et al (2013) and Cheng and Chen (2011) demonstrated the most suitable design for this application.  In 
the design of Cheng et al (2013), the liquid-liquid interface can be deflected to ± 45° which can eliminate the 
solar irradiance cosine loss by up to 70%.  
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Table 3-2. Critical aspects of recent electrowetting beam steering devices. 
References Figures Critical aspects 
Smith et al (2009) 2a 
The study did not include the interface oscillation and critical 
damping effect. The study suggested that if the design included 
critical damping calculations, the switching speed would reduce 
to 1ms. Another, limitation of this study was that the fabricated 
lens array had only 50% fill factor (ratio of workable lens area 
to the total area including sidewalls).  
Takei et al (2013) 2b 
The design lacks information on the long-time repetitive 
operation. The design does not describe how the liquid will be 
sealed and also it does not justify the applicability of the support 
beam for repetitive operation.     
Takai et al (2012) 2c-d  
This experimental design achieved ± 3.5° light steering, which 
is a comparatively low range (less than ± 1 hr of sun movement).  
Also, the study did not analyse the transmission of the light beam 
through the sidewall of the lens design. 
Kuiper and Hendriks 
(2004) 
2e-f 
The study claimed that the design changes the liquid-liquid 
interface from convex to a concave shape, without any hysteresis 
loss. It also emphasised that the optical quality of the device 
depends on the radial symmetry of the meniscus. Non-
uniformity of the insulating layer or surface roughness may 
cause wavefront aberrations (not relevant for solar).  
Tsou et al (2013) 2g 
The study did not identify how the individual liquid drop will 
be arranged in an array and how they will prevent evaporation 
and movement of the drop in a fabricated device. 
Boer et al (2010) 2h 
The tapered shape of the frustum increases the initial angle; 
however, it narrows the aperture area. Furthermore, due to the 
height of the structure, it may absorb a considerable amount of 
solar energy. 
Cheng et al (2013) 2i-j 
The proposed design with two layers of liquid prism array directs 
the light to Fresnel lens, which in turn concentrates the light over 
a CPV cell. However, they did not demonstrate any fabrication 
process of such structures. 
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 Clement et al (2017) 2k 
In the experimental study, the beam did not concentrate perfectly 
to a single point. Also, they noted the uncertainty of the optical 
performance of the liquid (1-bromonapthalene (1-BN)) they 
used in the study.  
 
 
3.3 Liquid Selection and Dosing of Cell 
Selection of appropriate liquids is one of the most important issues for fabrication of electrowetting devices 
for solar energy conversion, as minimising energy loss is intrinsic.  Electrowetting devices use a conductive 
or dielectric liquid, surrounded by either air or other immiscible liquids. The surrounding liquid works as an 
insulating medium, which prevents electrolysis and evaporation of the working liquid (Samad et al 2013). For 
electrowetting lenses for solar application, the surrounding liquid should be transparent and have low solar 
energy absorption (and reflection at the interfaces). The key property for optical applications is the high 
refractive index of the liquid to facilitate higher steering capacity (Cheng et al 2013). If a single liquid is used 
for an electrowetting lens, then the liquid and air or glass refractive index should have a high refractive index 
contrast. If two different liquids are used together for solar radiation steering, the liquids should have a large 
refractive index difference to allow larger angles of refraction. It is crucial that the liquid should be stable on 
exposure to sunlight. Some liquids may initially have visual clarity; however, on exposure to sunlight, they 
absorb certain wavelengths and rapidly darken. This phenomenon is observed in some of the very high 
refractive index liquids (n = 1.7 to 2.11) such as Cargill oil (Cargille 2017). Table 3-3 lists some commercially 
available liquids which maintain their optical, chemical and physical stability under solar radiation. Among 
these, SANTOLIGHT SL-5267 and SL-5262 optical liquids have the best optical property, but for a very high 
price (500 ml costs approximately 3000 USD). Cheng et al (2013) analysed electrowetting devices 
experimentally using Clearco product 63148-62-9. They observed a maximum deflection of 45° with this 
liquid. Their study also simulated the solar radiation dispersion through the device and found higher dispersion 
in SANTOLIGHT SL-5267 than water due to the scattering of light. 
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Table 3-3. Commercially available high refractive index liquid, suitable for solar energy applications. 
Liquid 
Viscosity 
(Pa.s) 
Density 
(kg/m3) 
Refractive 
index 
SANTOLIGHT SL-5267 0.1 1200 1.67 
SANTOLIGHT SL-5262 0.65 1070 1.62 
DOW CORNING 710 0.555 1110 1.533 
Sigma Aldrich silicone oil DC 702 0.04–0.05 1180 1.513–1.523 
WACKER  AP 1000 0.9–1.3 1090 1.51 
WACKER  AP 150 0.15 1091.5 1.5 
Clearco product DPDM-400 0.428 1070 1.505 
DOW CORNING 550 0.1335 1068 1.4935 
 
Another key fluid property is its absorptivity of the solar spectrum. High solar energy absorption will reduce 
the efficiency of solar energy conversion and simultaneously heat the liquid and reduce its surface tension. To 
illustrate the reduction of solar energy with increasing liquid thickness, solar energy transmission through the 
water with varying thickness is calculated here. Figure 3-2 shows the calculated absorption of solar energy in 
water using the refractive index from the study of Brewster (1992) and extinction coefficient from the study 
of Otanicar et al (2009).  
 
 
Figure 3-2. Calculation of solar energy absorption in water for various thicknesses with extinction coefficient 
value from Brewster (1992) and Otanicar et al (2009) with an air mass of 1.5 spectra.
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Electrowetting can be achieved using both ionic and dielectric liquids. In dielectric liquids like water, when 
voltage is applied, the dipole water molecules align themselves according to the applied electric field. Due to 
this dipole orientation, a charge concentration develops at the solid-liquid-solid triple contact point in the 
liquid. This charge concentration induces electric field force, which in turn forces the triple contact point to 
spread and hence electrowetting occurs. If free ions are added to the dielectric liquid, the charge concentration 
increases at the triple contact point. Due to this higher concentration of charges, the electrowetting force is 
higher in ionic liquids. Khodayari et al (2013) tested three different electrolyte solutions, namely 0.1 M NaCl, 
0.1 M Na2SO4, and 0.1 M citric acid but found no difference in the performance of these different ionic liquids 
in electrowetting (regarding the change in contact angle). Welters and Fokkink (1998) used aqueous droplets 
containing KNO3 and achieved 50° contact angle deflection using a voltage potential up to 200 V, and 
dielectric materials Parylene and Teflon AF. In the selection of liquids and ionising compound material (such 
as salt), care should be taken to prevent dielectric pinholes and propagation of electrochemical attack to the 
electrodes. Zhou et al (2009) detected leakage free electrode operation with deionised water. However, the 
addition of 1 wt% sodium dodecyl sulphate created pinholes in the dielectric layer and led to an electrochemical 
attack on the electrodes underneath of it. 
Efficient switching of an electrowetting lens depends on the wetting and de-wetting speed although for solar 
tracking applications this is not as critical. You and Steckl (2013) noted that the surfactant concentration of 
the aqueous solution and viscosity of oil plays an important role in switching. They completed an extensive 
study on the effect of interfacial tension on wetting and de-wetting time with different liquids as depicted in 
Table 3-4. They noted that the de-wetting and wetting times are improved to 8 and 7 ms from 20 and 11 ms, 
respectively, when the ambient is changed from dodecane (surface tension of 25 mN/m) to silicone oil mixture 
(16 mN/m). They did not observe any reduction in wetting time by adding a surfactant. However, adding a 
surfactant (sodium dodecyl sulphate) at 0.01 and 0.1 wt% in the DI water resulted in de-wetting time increased 
to 11 and 17 ms. From Table 3-4, it is evident that the 0.05 M KCl water-silicone oil interface shows the best 
combination regarding wetting and dewetting time in comparison to the 0.05 M KCl water-air and 0.05 M KCl 
water-dodecane oil interface. They also attributed this performance to the reduction in surface roughness of 
commercial Corning glass (Ra = 0.38 nm) in comparison to microscope glass slide substrate (Ra = 2 nm). 
From these analyses, it is evident that the lower surface tension liquid such as silicone oil is more suitable as 
the immiscible liquid with the electrolyte/water in the beam steering electrowetting device. The use of a 
surfactant can reduce the interfacial tension between the two immiscible liquids, but they can attribute to the 
pin-hole development and increased de-wetting time. Ionic liquids can decrease the wetting and de-wetting 
time, but care must be taken to ensure a good dielectric layer to prevent the dielectric breakdown due to 
increased charge concentration at the contact point.  
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Table 3-4. Wetting and de-wetting times for different liquids. (Reproduced from You and Steckl (2013). 
Working liquids 
Wetting 
time 
(ms) 
De-wetting 
time 
(ms) 
Contact angle 
change (deg.) 
Surface tension 
(mN/m) 
aKCL (0.05 M)/air 10 8 15 68.48 
KCL (0.05 M)/dodecane oil 11 20 45 31.12 
KCL (0.05 M)/silicone oil 7 8 52 33.75 
bSDS (0.01 wt%)/silicone oil 7 11 42 31.14 
SDS (0.1 wt%)/silicone oil 8 17 78 10.11 
aKCL- Potassium chloride 
  
bSDS -Sodium dodecyl sulfate 
  
 
One of the main problems of a microstructured electrowetting lens array is dosing the cell with the liquids. For 
an electrowetting display, Choi et al (2012)  revealed an effective design where the liquids are driven through 
the channel openings by oleophilic capillary forces (Figure 3-3). They demonstrated this design with 20 × 20 
pixels of 200 × 200 μm and with 9:1 oil mixtures of chloro-naphthalene and dodecane. 
 
 
Figure 3-3. Channel opening for dosing liquid by oleophilic capillary forces as depicted in Choi et al (2012). 
 
You and Steckl (2013) demonstrated electrowetting by using a droplet of deionised (DI) water with dodecane 
oil. They used the nano-injector system to inject ~ 40 nL dodecane oil inside a ~ 40 μL deionised drop. To 
visualise the oil, a nonpolar red dye was used, and a charge-coupled device camera monitored the process. 
Sun et al (2007) first demonstrated a scalable, parallel, self-dosing dip coating system to dose oil in an array 
of electrowetting pixels. Each of the cells in their design was fully occupied by the coloured oil after the dosing 
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process. Smith et al (2009) described a self-dosing technique by using a polar solvent which is soluble in both 
oil and aqueous solution. This solvent increases the oil volume and is later extracted from the oil by diffusion 
in a large aqueous bath. As stated in this study, this process results in a 50% - 50% dosing of oil and aqueous 
solution. However, they did not give technical detail of the solvent and the process in their study. Hou et al 
(2010) demonstrated this technique in more detail in their study of fabrication of an EWOD display array. The 
dosing process is illustrated in Figure 3-4. At first, the EWOD grid structure was pre-dosed with oil and de-
aerated at 2.54 Torr in vacuum for more than 30 minutes. After that, the vacuum dosed oil container prism 
cells are vertically dipped through a layer of 2 mm oil film on top of an aqueous solution at a rate of ∼1 mm 
s−1 (Figure 3-4a). Both the aqueous solution and oil contained propylene glycol monomethyl ether acetate 
PGMA. Figure 3-4b shows the aqueous solution without co-solvent. At equilibrium, the oil contained 50% 
PGMA. After that, the structure was dipped into the bath of fresh aqueous solution which contains no PGMA. 
The final process involved the PGMA from the oil diffusing into the water, which resulted in a 50% oil and 
50% aqueous solution containing prism cell (Figure 3-4c). Figure 3-4d shows the importance of dosing the oil 
in a vacuum. Figure 3-4d shows that without the vacuum dosing, the air bubbles may entrap in the prism 
structure. This method is suitable for mass production much more so than nano-pipetting.  
 
Figure 3-4. Dosing of an electrowetting prism array (Hou et al 2010). 
  
Once dosed, the cells have to be sealed to keep the liquid in place and clean. Hou et al (2010) used UV epoxy 
to seal the surrounding spacer layer in the DI water bath. However, the UV epoxy did not make a strong bond 
with fluoropolymer coating on the prism array. They suggested that oxygen plasma treatment of the outside 
fluoropolymer surface might solve the problem. To fabricate a properly sealed structure, Zhou et al (2009) 
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patterned the electrowetting lens array on the bottom structure and spacer on the top substrate. Then they 
placed SU8 outer gaskets on both structures, followed by a UV-curable bonding/sealing agent outside of SU8 
outer gaskets. After that, both top and bottom structures were aligned and pushed together towards each other 
under water to join the SU8 gaskets and seal the inside liquid. To cure the sealing agent, the package was 
exposed to a UV light source through a fibre optic immersed in water. In the electrowetting display design of 
Heikenfeld et al (2009), a small opening in each pixel cell worked as a reservoir to contain the oil. The oil 
spreads over the cell area on the application of voltage and returns to the reservoir when the voltage is 
withdrawn. However, this design is not suitable for electrowetting solar beam steering as the liquid needs to 
occupy the cell to steer the sunlight continually.   
 
3.4 Cell Structure 
It is important to select the appropriate material for an electrowetting lens substrate. The substrate has to be 
lightweight, thermally and dimensionally stable, and importantly for solar applications have a high solar 
transmission. Lewis and Weaver (2004) stated that the polymer substrates are not suitable for this application 
due to the thermal and dimensional instability of the material. The substrate may also need to withstand high 
temperatures. For example, the annealing temperature of transparent electrodes of ITO is 350 – 450 °C. Garner 
et al (2012) and Park et al (2014) used an ultra-thin glass substrate of 100 μm in the fabrication of organic 
thin-film transistors and liquid-crystal displays. In the design of electrowetting lenses, You and Steckl (2013) 
used a 100 μm ultra-thin Corning® Willow™ Glass substrate. It exhibits high transmission (> 90%) over the 
solar wavelength range. An additional feature of this substrate is that due to its small thickness it can be bent 
up to a 3 cm radius. You and Steckl (2013) were able to demonstrate electrowetting with this bent substrate.  
For solar energy applications, electrowetting lenses need to be arranged in an array structure to cover a 
reasonable surface area with minimum gaps between the cells (high fill factor). Each of the individual cells in 
the array carrying two immiscible liquids needs to be constructed with a transparent material. To reduce the 
solar energy absorption through the liquids, the cell height should be as small as possible. For the beam steering 
electrowetting cell consisting of two immiscible liquids, the most effective aspect ratio (width: height) is 1:1 
with a maximum interface deflection angle of 45°. Increasing the cell height will increase solar energy 
absorption. 
Conversely, increasing the width of an individual cell, the fill factor increases, but the range of angle deflection 
reduces. To obtain an interface angle of more than 45°, the interface will touch the bottom surface of the 1:1 
aspect ratio cell, and hence will reduce the effective beam steering area. Increasing the cell height to eliminate 
this problem increases the solar energy absorption due to propagation through a comparatively thicker liquid 
layer. However, the cell height should be determined by experimentally validated maximum deflection of the 
interface in the cell. Several studies have fabricated electrowetting lens arrays, mostly for micro-lens and 
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displayed unit applications. For example, Choi et al (2012) fabricated a 20×20 pixel structure with an 
individual cell size of 200×200 μm and height of 65 (±2) μm. Similar lens array designs can be implemented 
for solar energy beam steering application, with suitable customisation of components and fabrication process. 
For sidewall and array structure construction, SU-8 is an excellent choice. SU-8 is an epoxy-based negative 
resist, photo-imageable to near UV (365 nm) radiation, optically transparent, excellent thermal and mechanical 
stability, and resistant to solvents, acids, and bases. Due to these properties, SU-8 has been used in many 
studies to fabricate permanent microstructures, such as pixel walls, fluidic channels, nozzles, microarrays, and 
spacers. Hou et al (2010) examined different materials to construct the sidewall structure of an EWOD array. 
They examined PerMX, KMPR and SU8 in their study. KMPR is a high contrast, epoxy based i-line 
photoresist, which can be developed in the aqueous alkaline developer. PerMX is a hot roll laminated dry film. 
After a thorough examination of these three materials, Hou et al (2010) suggested SU8 as the most suitable 
material to fabricate the EWOD sidewall structure. To eliminate the adhesion problem of SU-8 on the glass 
substrate, Zhou et al (2009) used Fluoropel as a dielectric material and used low-power oxygen plasma to 
make the Fluoropel surface hydrophilic. In another experiment, Zhou et al (2009) hard baked the hydrophobic 
material Cytop and grid structure SU-8 together.  
 
3.5 Electrode and Power Supply 
Several factors need to be considered to design and fabricate a power supply system for beam steering 
electrowetting lenses. These are - selection of the electrode material, the thickness of electrodes, optical 
transmissivity of electrodes, deposition method of electrodes, selection of contact pads or connection wiring, 
an AC or DC power source, the frequency of AC power supply, the requirement of feedback control system to 
name a few. 
The use of high voltages in electrowetting devices does not correspond to high power consumption if the 
current supply is very low. Electrowetting devices require an applied voltage, but a very low current supply 
(microamps). Chevalliot et al (2016) noted that to operate an electrowetting lens cell of 1.5 mm diameter, the 
power consumption is tens of microwatts. Watson et al (2015) showed that the maximum power consumption 
to operate a 2.7 mm diameter liquid lens is 25 µW. Assuming 1000 W of solar irradiance per square meter, on 
an electrowetting cell of 2.7 mm diameter the solar irradiance will be 5.725 mW, and it will consume 25 µW. 
So, the solar irradiance power is 229th time higher than the power consumed by the electrowetting device. In 
other words, the electrowetting device will consume only 0.4% of the total solar irradiance power. If a thin 
electrowetting beam steering package can deflect its liquid-liquid interface up to 45° angles, then it will 
eliminate the cosine loss up to 45° incidence angles, which corresponds to 70% of the solar irradiance.  
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Different materials have been used as electrodes in electrowetting devices such as gold (Roux et al 2007), 
chromium (Paik et al 2003), or doped silicon (Wheeler et al 2004, 2005). Samad et al (2013) used Aluminium 
as electrodes with the dimension of 100 × 15 μm2. They successfully demonstrated their design with a gap of 
100 μm between the electrodes. In recent studies of electrowetting devices for solar energy concentration or 
light steering, ITO is used because of its high solar energy transmissivity. In using ITO, there are two methods 
that can be considered for electrowetting beam steering lens fabrication. One way is to deposit a thin ITO layer 
on top of the substrate (with a process like an electron beam evaporation, sputtering) and then to anneal to 
make it transparent. The process can include both lift-off and etching lithography processes to make the pattern 
of electrodes. This process is suitable for microlenses and sidewall ITO designs and most necessary in 
depositing ITO on complex shapes and structures. For research purposes, only diced ITO deposited 
commercial substrates can be used. These ITO glass substrates are commercially available with the solar 
transparency of 80-90% (Sigma-Aldrich 2016). Etched lithography can produce the ITO electrode pattern. 
Given that the electric field should be in the order of hundreds of kVcm-1 to operate an electrowetting device 
at low voltage, Zhou et al (2009) mentioned that the patterned electrode should have minimal film thickness 
to prevent electrical breakdown at the electrode edges. They suggested that a thickness of 10–100 nm of ITO 
works well for electrowetting, but this needs to be optimised depending on the application. Table 3-5 represents 
the ITO thickness used in some recent studies.  
 
Table 3-5. ITO used in recent studies. 
Reference ITO used 
Boer et al (2010) 150 nm ITO 
Cheng et al (2013) 
Commercially available diced ITO glass 
substrate (ITO thickness was not specified) 
Izadian (2013) 100 nm ITO 
Takai et al (2012) 100 nm ITO 
 
For further details on the fabrication processes and use of ITO see Saeki et al (2001), Manica and Ewing 
(2002), Abdelgawad and Wheeler (2007), and You and Steckl (2013).   
Several studies such as Smith et al (2006), Takai et al (2012) and Takei et al (2013) used DC power to operate 
electrowetting lenses. However, using a high DC electric field for an extended period may irreversibly polarise 
and permanently damage the dielectric layer. To avoid this, Cheng et al (2013) used low-frequency square-
wave AC voltage to drive the electrowetting module. In using AC voltage power supply, care must be taken 
to select the optimum frequency range. A frequency lower than the critical damping time of the liquid interface 
may create oscillation of the interface. On the other hand, Cheng et al (2013) mentioned that higher frequencies 
might increase the power consumption considerably and advised not to use frequencies of more than 100 Hz. 
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In their study, they used a frequency range from 20–30 Hz and observed a stable liquid meniscus. However, 
theoretically, there is no relation between frequency and power consumption. Thus, the higher frequency 
should not increase the power consumption of the device.  
Takei et al (2013) compared a DC and AC voltage supply on an EWOD module. For long-term use, they 
suggested the use of AC voltage. When using an AC voltage, it is important to minimise the interface 
oscillation that will reduce the effective beam steering capacity. Kuiper and Hendriks (2004) represented the 
critical damping time of a fluid-fluid interface.  
3
0.3  ρ
γ
≈
Dt                                                                            (3.1) 
Here, t  is the critical damping time, D  is the aperture size of the liquid, ρ  is the density of the liquid, and γ  
is the interfacial surface tension. This critical damping time identifies the lower limit of the frequency range 
which will cause any significant interface oscillation.  
Boer et al (2010) used frustum shape sidewall electrodes with an average capacitance of 50 pF, an average 
driving voltage of 80 V and relatively high driving frequencies of 1, 2, 4, and 8 kHz. With this setup, the 
average power consumption was 1 mW. A high AC voltage amplifier was used with a function generator in 
this study. Abdelgawad and Wheeler (2007) used AC voltage of the range 400–800 Vrms and 18 kHz, generated 
by function generator along with a voltage amplifier for the device. They required such a high voltage and 
frequency because of the relatively thick (15 µm) plastic sheet used as a dielectric layer in their study.  
Figure 3-5 shows images of the interface deflection with different set-ups and designs, illustrating that 
relatively large deflections are possible.  
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Figure 3-5. (a) (b) (c) (d) design of liquid prism for solar beam steering and concentration as in the study of 
Park et al (2013). (a) With water and silicone oil, the device achieved an apex angle of 30° with 45 V on one 
side and 10 V on another side. (b) With an applied voltage of 50 V, the device achieved an apex angle of 20°. 
(c) With 34 V on both sides, the device achieved a flat interface. (d) 14.6° beam steering with an applied 
voltage of 45 V on one sidewall. (e) 23° apex angle with an applied voltage of 44 V on one side and 19V 
other side (Cheng and Chen 2011). (f) The apex angle of 70° with 80 V on one side and 30 V in another side 
as studied by Smith et al (2006). (g) 1. Without applied voltage, 2. flat meniscus with 80 Vrms on all four 
frustum walls, 3 and 4. maximum apex angle of 70° by applying 120 Vrms on one sidewall of the frustum 
shape prism design of Boer et al (2010). 
 
Contact angle hysteresis is one of the most important phenomena in electrowetting lens applications. It is 
defined as the difference between the advancing and receding contact angle. For a continuous and accurate 
beam steering, it is important to reduce the magnitude of contact angle hysteresis. Several studies have noted 
the effect of hysteresis on the liquid interface deflection. In the study of Chang et al (2011), the contact angle 
hysteresis was 5°. Figure 3-6 presented the range of contact angle hysteresis shown in different studies.  
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Vasudev and Zhe (2009) noted that the hysteresis observed can be attributed to the properties of the dielectric 
and the hydrophobic surfaces including surface roughness, charge trapping, charge injection at the insulator 
surface and porosity of the insulator. It is clear though, that hysteresis is reduced using AC relative to that 
using DC. You and Steckl (2013) stated that the hysteresis reduction is due to the reduced injection of charge 
to the dielectric layer. The reduced injection of charge in the dielectric layer is explained by Verheijen and 
Prins (1999) and is due to the time lag between the applied electric field and the charge movement. Due to this 
time lag, less charge accumulates in the dielectric layer which in turn reduces the effect of hysteresis. To 
demonstrate a hysteresis-free EWOD system, Newton et al (2007) used a liquid marble constructed by a water 
droplet coated with hydrophobic grains. They showed almost a perfect non-wetting system and a completely 
reversible process of electrowetting. However, the application of such a system is not suitable for beam steering 
electrowetting device, due to the non-transmissive property of the hydrophobic grains and the non-uniform 
rough interface of the droplet.    
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                                          (d) 
 
                                      (e) 
Figure 3-6. Hysteresis observed in (a) DC voltage supply, (b) AC voltage supply in the study of You and 
Steckl (2013). The study observed lower hysteresis with AC voltage compared to DC. Using AC, they found 
around 2° contact angle hysteresis. Whereas, a maximum hysteresis of 12° was observed with -8V DC 
63 
 
supply. (c) A similar result is also identified in the study of Liu et al (2009), where a maximum 11° 
hysteresis angle observed with applied DC voltage. (d) a 2° contact angle hysteresis also observed of a 
sessile droplet of deionised water immersed in silicone oil and contacting a SiOC substrate (Berthier et al 
2007). (e) Advancing and receding contact angle measurements of a 0.1 µL droplet DI water at different 
applied voltages (Vasudev and Zhe 2009). The study compared the experimental data with the theoretical 
prediction. 
There are three phenomena associated with the applied voltage in electrowetting – threshold voltage, saturation 
voltage and breakdown voltage. The threshold voltage is the voltage at which the contact angle starts to change 
visibly. Saturation voltage is the voltage when the contact angle remains in the same state and does not increase 
further with increasing voltage. Breakdown voltage is the voltage at which the dielectric insulation layer breaks 
and current flows in the system often causing hydrolysis. A higher dielectric constant material will facilitate 
lower threshold voltage. 10 µm thick Parylene layer exhibited breakdown voltage at 250 V in the study of 
Verheijen and Prins (1999). The threshold voltage, saturation voltage, and breakdown voltage mainly depend 
on dielectric material and thickness. Next section discusses the dielectric and hydrophobic layer and their 
effects on the voltage. 
 
3.6 Dielectric and Hydrophobic Layer 
According to the Lippmann-Young equation (1.5), a dielectric layer on top of the electrode acts as a capacitor 
to store energy to operate an electrowetting lens. The contact angle variation is inversely proportional to the 
thickness of the dielectric layer. For this reason, a thin dielectric layer is an essential part of a useful 
electrowetting device. The dielectric layer also protects the electrode from electrochemical attack from the 
liquids. High dielectric constant or relative permittivity increases the capacitance of the layer, which in turn 
increases the operating range of the electrowetting devices. Organic dielectric materials such as Parylene C 
and inorganic materials such as Al2O3, SiO2 are the most used as a dielectric material in electrowetting devices. 
To increase the contact angle modulation, a thin hydrophobic layer is also widely used. A single hydrophobic 
dielectric layer can serve both for the dielectric and hydrophobic purpose. However, two layers of dielectric 
and hydrophobic material are advised in Zhou et al (2009), as they prevent leakage current and breakage of 
the electrode layer underneath. Table 3-6 lists some of the recently used dielectric material in beam steering 
electrowetting devices.  
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Table 3-6. The dielectric and hydrophobic material in beam steering electrowetting devices in recent studies.  
Reference Dielectric layer Hydrophobic layer 
Takai et al (2012) Parylene C, 6.7 µm. Not specified. 
Cheng et al (2013) 
Parylene C, 1 µm. Adhesion 
promoter Silane A-174 before 
depositing the layer of Parylene C. 
Fluoropolymer by dip 
coating. 
Boer et al (2010) Parylene C, 6.7 µm. 
Poly 4, 5-difluoro-2,2-bis 
trifluoromethyl -1,3-dioxole-
cotetrafluoroethylene AF1600 
by dip coating, 20nm. 
Takei et al (2013) 
Cytop 0.7 µm with a relative 
permittivity of 2.1 and voltage 
resistance of 100 kV/mm. 
No hydrophobic layer. 
Park et al (2013) 
Al2O3 by Atomic Layer Deposition 
(ALD) method, 120nm. 
FluoroPel 1601V solution by 
spin coating. 
Narasimhan and Park 
(2015), Clement and Park 
(2016), Clement et al (2017)  
An ion-gel thin dielectric layer of 
50 nm by dip coating. 
6% Teflon by dip coating. 
 
 
Depending on the material, different methods are used to deposit the dielectric layers. These are vapour 
deposition of Parylene (Pollack et al 2000, Srinivasan et al 2004), thermal growth of silicon oxide (Wheeler 
et al 2005), or spin coating of polydimethylsiloxane (PDMS) (Kuo et al 2003, Abdelgawad and Wheeler 2007). 
For the hydrophobic layer, either Teflon-AF (Pollack et al 2000, 2002, Wheeler et al 2005) or other 
fluoropolymers (Yi and Kim 2004) are used. Hou et al (2010) suggested several low temperatures (<180 °C) 
and conformal dielectric deposition processes. These include plasma-enhanced chemical vapour deposition of 
materials such as SiOCH, atomic layer deposition of Al2O3, and organic Parylene C or Parylene HT coatings. 
Among these, Parylene C deposition was used by Hou et al (2010) due to its deposition process only requiring 
room temperature. In the prism shape electrowetting design of Hou et al (2010), the dielectric layer was 
deposited on top of the electrodes, and on the sidewalls. The Parylene C deposition process includes dimer 
vaporisation, vapour pyrolysis, followed by room-temperature monomer deposition and polymerisation on the 
substrate surface at ∼0.1 Torr (Hou et al 2010). Due to the prism shape, there was concern about varying 
dielectric thickness on prism sidewalls and bottom in that study. To avoid the varying dielectric thickness, Hou 
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et al (2010) used a longitudinal array of channels during Parylene C deposition. Zhou et al (2009) investigated 
the performance of both organic (Parylene C) and inorganic (Al2O3, AlON, SiN and SiON) dielectric material 
for electrowetting display. They noted the poor insulation and leakage current with a Parylene C thickness of 
<1–2 μm. For this reason, Parylene C of 2–3 μm thickness was deposited in this study.  The study suggested 
that the inorganic dielectrics are more suitable than organic ones due to the thin dielectric (∼100-300 nm) and 
high dielectric constant (εr∼6–10). However, to avoid the dielectric defects associated with inorganic materials, 
they proposed a low-temperature deposition process such as plasma-enhanced chemical vapour deposition or 
atomic layer deposition instead of sputtering.  
You and Steckl (2013) used a 100 nm Al2O3 layer as a dielectric and a 40 nm Cytop film as a hydrophobic 
layer. The Al2O3 layer was deposited by atomic layer deposition at 250 °C, and the hydrophobic Cytop layer 
was deposited by spin coating. Chang et al (2010) used 127 nm of Al2O3 as a dielectric material deposited by 
atomic layer deposition method. However, Samad et al (2013) noted that Al2O3 is not suitable for a flexible 
substrate, due to its brittleness. In the study of Chang et al (2011), Duramide 7500 was used as a dielectric 
layer (of dielectric constant 3.3 and a dielectric strength of 345 V/μm) and Teflon AF as a hydrophobic layer. 
Due to the photo-imageable character of Duramide 7500, photolithography process was used with a spin-coat 
at 5000 rpm for 30 s. To make a transparent dielectric layer, Chang et al (2011) hard-baked the deposition at 
350 °C for one hour in N2, and the resulting polyimide thickness was 5 μm. Chen and Fu (2011) used Niobium 
pentoxide (Nb2O5) as a high dielectric constant material and were able to reduce the actuation voltage of their 
device. However, the main difficulty of their fabrication method was the complicated RF reactive magnetron 
sputtering to deposit the Nb2O5 layer. Because of the high dielectric constant (27.9 as noted in Martinez‐Duart 
et al (1975)), Tantalum pentoxide (Ta2O5) was used in the study of Li et al (2009) for low actuation voltage 
applications. Liu et al (2009) noted that the high dielectric constant (225-265) of barium strontium titanate 
(BST) can facilitate electrowetting at very low voltages (<15 V). However, they rejected the direct application 
of BST as a dielectric material because of its hydrophilicity. BST with a hydrophobic layer and its optical 
transmission analysis has the potential for future research for electrowetting beam steering application.  
In the study Khodayari et al (2013), electrowetting with a SiO2 layer showed a memory effect, where the 
wetting angle stayed the same after the auxiliary electrode was removed from the droplet. The thermally grown 
500 nm SiO2 layer was deposited on n-type silicon wafers. For the hydrophobic layer, they deposited a 300 
nm Cytop layer by spin-coating on top of the oxide layer. A memory effect has also been reported with 
fluoropolymer dielectric with BaTiO3 nano-powders due to the charge trapping in the dielectric layer (Kilaru 
et al 2007). In both studies, the droplet returned to original shape after applying a reverse voltage and inserting 
the ground electrode back to the droplet.  
Liu et al (2009) provided an extensive study of different dielectric materials such as Cytop, Parylene C, 
polydimethylsiloxane -PDMS and Self-assembled monolayers (SAMs) as shown in Figure 3-7a. From the 
figure, it is evident that Cytop shows the largest sensitivity of contact angle to applied voltage compared to 
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various other dielectric layers. Liu et al (2009) used equation (1.5) to compare the theoretical data with the 
experimental results as shown in Figure 3-7a. Figure 3-7b, shows the performance of different thicknesses of 
Cytop layer on top of Duramide as investigated in Chae et al (2013). From the figure, it is evident that 
increasing the thickness of Cytop as hydrophobic layer does not increase the contact angle modulation. It only 
extends the voltage saturation range. For this reason, Chae et al (2013) suggested an optimal thickness of 12 
nm for Cytop as a hydrophobic layer.  
 
 
(a) 
 
 
(b) 
Figure 3-7. Performance of different dielectric layers (a) (Liu et al 2009) with Cytop 0.95 μm, Parylene C 
2.25 μm, PDMS 38.2 μm and SAM (thickness not specified), (b) Cytop of different thicknesses (Chae et al 
2013). 
 To create a hydrophobic surface, Hou et al (2010) deposited 1 wt% fluoropolymer Fluoropel 1601V by dip 
coating at ∼1 cms-1 onto the prism array. To minimise the variation in the series capacitance, the fluoropolymer 
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thickness was kept at < 80 nm. In the study of Saeki et al (2001), a 6% Teflon AF solution was spin-coated on 
the silicon substrate to form a 1.2 µm thick Teflon film. They controlled the film thickness by varying the 
concentration of Teflon solution by diluting with Fluorinert FC 75. By spin-coating various solutions at 1000 
rpm for 30 s, they achieved twelve different thicknesses of Teflon, from 1.65 µm to 130 Å. To make a 
hydrophobic surface, Chang et al (2011) spin coated 0.2 wt% Teflon-AF (diluted in a fully-fluorinated solvent 
FC-40, 3M) solution at 1500 rpm for 30 s and baked at 200 °C for 30 min. The resultant thickness was ∼10 
nm, with an advancing contact angle of 116°. As a hydrophobic layer on top of the dielectric material, Zhou 
et al (2009) examined Teflon AF and Cytop. Due to the high porosity and substantial charge injection of Teflon 
AF, they suggested that Cytop was a more suitable hydrophobic layer. However, the high-temperature 
annealing of Cytop at ∼160–180 °C for ∼20–30 min may impose fabrication complexity to other structural 
materials in electrowetting lenses. To achieve < 15 V operation, Mugele and Baret (2005) suggested the use 
of 100 nm Al2O3 as a dielectric layer and 50 nm Cytop as a hydrophobic layer. By decreasing the thickness 
and by increasing the dielectric constant, Saeki et al (2001) showed that the threshold voltage for EWOD could 
be reduced to ∼6 V. 
 
3.7 Advantages of the Hexagonal Cell Array Design of This Study 
The electrowetting cell can be designed in different shapes, such as square, circular, hexagonal etc. Wong et 
al. (2008) compared the fill-factor of circular, square and hexagonal cell array. Among these three different 
shapes, the circular shape has the lowest fill-factor. The study identified that the fill-factor of the hexagonal 
shape array is higher than the square shape array.  In this research work, the hexagonal shape is considered for 
the cell design due to the higher fill factor and to facilitate two-axis tracking.  
Most other electrowetting cell array designs used square cells (such as in Hou et al. (2010), Cheng and Chen 
(2011), Cheng et al (2013), Park et al (2013)). Hou et al (2010) fabricated an array of 150 µm × 150 µm square 
cell array, where the average wall thickness of each cell was 9 µm. To compare the fill-factor of the square 
and hexagonal cell array, let us consider the cell array design in Figure 3.8. 
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(a) 
(b) 
Figure 3-8 (a) Square cell array, (b) hexagonal cell array. 
 
As shown in the figure, the distance in between opposite faces is L, and the thickness of the cell wall is d for 
both the square and hexagonal cell.  
 
Area of a square cell is: 2L  
The associated wall area of a single square cell in the array is: 
                                                                           22 +dL d   
 
Therefore, the fill-factor (FF) of a square cell is, 
2
2 22
=
+ +
LFFSquare
L dL d
 
Or, 
( )
2
2= +
LFFSquare
L d
                                                               (3.2) 
Area of a hexagonal cell is: 
                                                                          
3 2
2
L  
 
The associated wall area of a single hexagonal cell in the array is, 
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Therefore, the fill-factor (FF) of a hexagonal cell is, 
3 2
2
3 32 23
2 2
=
+ +
L
FFHexagonal
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Or, 
2
2 22
=
+ +
LFFHexagonal
L Ld d
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2
2= +
LFFHexagonal
L d
                                                      (3.3) 
 
Considering the square cell size of Hou et al (2010) of 150 µm × 150 µm and an average wall thickness of 9 
µm, the fill-factor of the square cell array is 0.889. Considering the same volume of a cell and wall thickness, 
the fill-factor of the hexagonal cell array is 0.896. Therefore, the hexagonal cell has a slightly higher fill-
factor than the square cell. As mentioned in Hou et al (2010), by improving the deposition method the wall 
thickness can be reduced to 5 µm. In that scenario, the fill-factor can be further increased.  
 
Besides that, a hexagonal cell has the advantage of providing more degrees of freedom in steering the liquid-
liquid interface in comparison to square cell. From the above discussion, it is evident that the hexagonal cell 
array design of this study has advantages in comparison to previous work done on beam steering 
electrowetting cell array design in Hou et al. (2010), Cheng and Chen (2011), Cheng et al (2013), Park et al 
(2013). 
 
3.8 Conclusion and Recommendations  
Longer operation time and continuous movement of a liquid-liquid interface require a leak-free package 
design. To ensure long-term reliability for solar energy applications, care must be taken to ensure the stability 
of the liquids in term of their optical, chemical and physical properties under sunlight. The height of the 
electrowetting lens array needs to be minimised to ensure high transmission. As the cell height and width are 
related to each other, automated micro/nano injection systems need to be developed to inject an accurate 
volume of liquids in the cell. Commercially available liquids such as SANTOLIGHT SL-5267 and SL-5262 
show the most promise because of their high refractive index solar energy transmission and stability. However, 
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due to their current high cost, there is a requirement for future research and development to identify stable low 
cost and high refractive index liquids.  
SU8 appears to be one of the best options to fabricate the sidewall structure of the lens array. Plasma treatment 
may be required to enhance the adhesion of SU8 with a dielectric and substrate. However, the height of SU8 
is limited to approximately 500 µm, above which T-shape formation is evident with the photolithography 
process. Further work is required for photolithography of higher structures. 
AC power supply is more suitable for a solar energy electrowetting lens than a DC power supply. A DC power 
supply increases the charge injection to the dielectric layer; hence, the breakdown of the dielectric layers occurs 
quickly. Using an AC power supply, the directional change of the AC wave reduces the charge injection, and 
the operation voltage range thus increases. Moreover, care must be taken to identify the appropriate frequency 
of the AC power supply. With too low frequencies, liquid-liquid interface oscillation will be high. AC power 
reduces the effect of permanent polarisation of the dielectric layer, for longer operation time. Solar energy 
steering and a concentration device need to operate throughout the day, and devices usually target around 20 
years of operation. However, the use of AC power still requires more investigation considering of continuous 
longer operation time. 
For electrowetting lenses, the ground wire is an important component to facilitate the electric field propagation 
that deforms the interface. As noted in most studies, the dielectric layer in an electrowetting lens works as a 
capacitor, in which the ground wire completes the circuit. The electrical properties and location of the ground 
wire can change the electric field, which, in turn, can affect the interface deflection and thus the performance 
of the electrowetting lens. Moreover, in electrowetting lens array designs, the arrangement of the ground wire 
is a challenging task for the designer. However, this issue has not been investigated thoroughly in studies to 
date. An opportunity exists to address this knowledge gap in the future.   
For electrowetting lens array construction, the most challenging task is to pattern the electrodes. In most of the 
electrowetting lens array designs, electrodes are patterned on the sidewalls. Researchers facilitated the 
electrode patterning by the photolithography process, and the bending of the UV exposure light to an angle of 
45° using a glass prism. It is a difficult process to pattern the electrodes on the sidewalls, due to non-uniform 
exposure and deposition thickness. Also, the dielectric layer and a hydrophobic layer need to be deposited on 
top of these sidewall electrodes. Deposition of the dielectric and hydrophobic materials on sidewalls result in 
varying thickness layers. Additionally, as described in Cheng et al (2013), the sidewall electrode can shade 
adjacent cells. For this reason, a detailed study is required to identify the possibility of patterning the electrodes 
on top of the bottom substrate for electrowetting lens array designs.  
Inorganic dielectric materials are more suitable than the organic dielectric material due to their high dielectric 
constant and thus their reduced thickness. Dielectric materials such as SiO2 or Ta2O5 are highly suitable for 
electrowetting lens arrays for solar energy applications due to their high dielectric constant and high solar 
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energy transmission. Alternatively, Cytop (an organic dielectric material) is also an excellent choice both as a 
dielectric and hydrophobic material, due to its high solar energy transmission and ease of deposition method 
(spin coating). However, an appropriate deposition method needs to be identified to prevent leakage current 
due to pinholes and dielectric. For inorganic dielectric materials, atomic layer deposition or plasma enhanced 
chemical vapour evaporation are more suitable rather than high-temperature processes such as sputtering. To 
prevent the dielectric breakdown due to pinholes, double layer dielectric-dielectric or dielectric-hydrophobic 
coatings are much more reliable. Several studies have examined different dielectric materials for electrowetting 
applications. However, a thorough study is required to compare different dielectric materials for electrowetting 
lenses design for solar energy applications.   
Finally, while there are various demonstrations of electrowetting lenses for optical control, the design 
specifications required for focussing solar radiation where efficiency is critical are much more rigorous. To 
maximise energy transmission, stability and reliability of the fabrication methods and materials need to be 
investigated very carefully as discussed in this review.  
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Chapter 4 Dielectric Material for 
Beam Steering Electrowetting Device 
Electrowetting has the potential to be applied to steering and concentrating sunlight using liquid lenses. 
However, the performance of electrowetting devices depends on the careful selection/fabrication of their 
constituent dielectric material. The dielectric material should have high optical transparency, chemical 
stability, high relative permittivity, be relatively thin and have a high breakdown voltage. Recent studies 
noted that inorganic dielectric materials such as SiO2 are more suitable for beam steering compared to organic 
dielectric materials such as fluoropolymers or Parylene C for example. When optical transmission is not 
required, electrowetting devices are fabricated by thermally growing SiO2 on top of silicon wafers. However, 
this deposition method is not suitable for beam steering electrowetting devices as the silicon substrate is not 
optically transparent. In this chapter, the performance of SiO2 is investigated as a dielectric material for beam 
steering electrowetting devices. Specifically, here the study measured the contact angle modulation capability 
of SiO2 produced by electron-beam and sputtering deposition methods and correlated the results with 
morphological defects of the SiO2 layer introduced by the deposition methods. It also investigated the effect 
of annealing and the performance with ionic and DI water. Finally, the performance of SiO2 is compared with 
other dielectric materials such as PDMS and Ta2O5 in air/water and silicone oil/water medium.  
 
4.1  Required Characteristics of Dielectric Layer for Beam Steering Electrowetting 
Device 
Figure 4-1a shows a schematic of the change of contact angle of a sessile drop from yθ  to rθ  with the 
application of voltage. For an electrowetting beam steering device, one of the most important design criteria 
is to maximise the contact angle change ( rθ - yθ ). By increasing the dielectric constant and decreasing the 
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thickness of the insulating layer, the contact angle change ( rθ - yθ ) can be increased for a given applied 
voltage. In addition to storing the electrowetting energy, the dielectric layer also protects the liquid from 
electrochemical attack.  
 
 
 
 
 
Figure 4-1. (a) Schematic of the deformation of a sessile drop with the application of voltage according to 
electrowetting theory, (b) schematic of the experimental setup. 
 
Several studies have indicated the preferred characteristics of the dielectric material for beam steering 
electrowetting devices such as thin film thickness (Berthier 2013), high dielectric constant (Berthier et al 
2007), high dielectric strength / high breakdown voltage (Verheijen and Prins 1999, Liu et al 2009,) and high 
optical transmittance with relatively low refractive index (Mugele and Baret 2005). However, as noted in 
Berthier et al (2006), an optimal dielectric material has not been identified yet due to trade-offs in some 
(a) 
(b) 
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characteristics. As an example, the thickness of the dielectric increases the allowable applied voltage while at 
the same time reduces both the electrowetting force at the contact point and the optical transmission. 
Additionally, the same dielectric material may exhibit different characteristics based on the deposition method. 
SiO2 has been considered as one of the most useful inorganic dielectric materials as it has a higher dielectric 
constant (3.8) than previously used thin film fluoropolymers (Moon et al 2002, Mugele and Baret 2005, Khan 
et al 2017). SiO2  also possesses a moderate dielectric strength of 430,000 – 680,000 V/mm (Berry et al 2006). 
For applications involving beam steering, a critical feature of SiO2 is its high optical transmission. Figure 4-2 
shows the measured optical transmission of some of the recently used inorganic materials in different 
electrowetting devices. From this figure, it is evident that SiO2 has the highest optical transmission. Al2O3 also 
has high optical transmission, but its application is limited due to its brittleness as a thin film (Samad et al 
2013). Though TiO2 and Ta2O5 have a high dielectric constant (86-173 and 26 respectively), Figure 4-2 shows 
their low optical transmission, which makes them unsuitable for solar beam steering electrowetting devices 
where maximum light transmission is paramount.  
 
  
Figure 4-2. Optical transmission of recently used inorganic materials in electrowetting beam steering 
devices. Source of data: Al2O3 (current study), Ta2O5 (Gao et al 2012), TiO2 (Dakka et al 1999), SiO2 
(available up to 1000 nm wavelength from Marcos et al 2016). 
 
Parylene and AlN have been considered in some recent studies as suitable dielectric material for electrowetting 
displays. As noted in Zhou et al (2009), to prevent leakage current, the thickness of paralyne should be more 
than 1-2 µm. To have a reliable dielectric material, 10 µm and 6.7 µm of Parylene C were deposited in 
Verheijen and Prins (1999) and Takai et al (2012), respectively. Due to this high dielectric layer thickness, the 
solar energy absorption will be higher through Parylene. Moreover, the dielectric constant of Parylene (2.17-
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3.15) is lower than SiO2 (3.9). Because of this comparative low dielectric constant and high required thickness, 
the electrowetting force is less at the triple contact point and required threshold voltage is high with Parylene.  
AlN has a high dielectric constant (10) and can be deposited as a thin layer. However, as noted in  Hajakbari 
et al (2010), the optical transmission (in the visible range) of AlN samples 539 nm and 675 nm thick, is around 
85% and 70%, respectively. SiO2 films showed more than 95% optical transmission (in the visible range) in 
this study. Even though AlN has a high dielectric constant, due to its low optical transmission, it is not 
competitive with SiO2 for beam steering electrowetting applications.  
In this chapter, the electrowetting performance of SiO2 is analysed as a dielectric thin film, primarily because 
it has excellent optical properties and chemical stability compared to other dielectrics. There are different 
methods to deposit thin SiO2 dielectric layer. Studies deposited SiO2 by the thermal growing process. 
Thermally grown SiO2 layer on top of a silicon substrate is not appropriate for beam steering as the silicon 
substrate is not optically transparent. For this reason, the appropriate method is investigated to deposit SiO2 
for beam steering electrowetting applications. The focus here is to study SiO2 properties relevant to 
electrowetting, and to assess how they depend on the deposition methods and associated morphological 
defects. It also investigates the effect of annealing on the SiO2. Finally, the study compares SiO2 with other 
dielectric materials such as PDMS and Ta2O5 and their electrowetting on dielectric (EWOD) performance. 
 
4.2   Materials and Methods 
To test the performance of the dielectric materials in electrowetting, the study used the sessile drop 
electrowetting experiment setup as shown in Figure 4-1b. The EWOD device consists of several layers of 
material. An Indium Tin Oxide (ITO) electrode (100 nm thick) layer was deposited on top of the substrate 
(glass) using electron-beam (e-beam) deposition. To convert the ITO to a transparent layer, the sample was 
then annealed at 450 °C for a four and half hours in the presence of air. With this annealing, the electrode 
changed to a conductive layer with approximately 80% optical transparency. Then the dielectric (such as SiO2) 
and hydrophobic layers were deposited on top of the ITO electrode (to see a contact angle change a 
hydrophobic surface is required). If the dielectric layer surface is already hydrophobic, then a hydrophobic 
layer is not required. As shown in Figure 4-1b, a sessile drop is placed on top of the hydrophobic layer and the 
negative terminal of the power supply system is connected to the ITO electrode through the copper tape. The 
positive terminal is connected to the sessile drop through a copper needle.  
In electrowetting theory (as noted in equation 1.5), the contact angle change is directly proportional to the 
square of the voltage (independent of AC/DC). Both the AC and DC actuation will give the same contact angle 
change for a given applied voltage amplitude. However, the dielectric material is more vulnerable to DC 
compared to AC power. With AC actuation, there is charge concentration relaxation time during the cycle of 
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opposite polarity. With DC actuation, the charge concentration gradually increases at the triple contact point 
with increasing voltage and there is no charge relaxation time. Due to this continuous increase in charge 
concentration and successive increasing electric field force, the dielectric breakdown is faster with DC than 
AC power. A dielectric material that performs well with DC will surely do better with AC power. That is why 
in the research works of this chapter, only DC power was used and investigated how to improve the 
electrowetting performance using the SiO2 dielectric material. 
In this study, two different deposition methods have been compared. First, a 400 nm SiO2 layer was deposited 
by e-beam deposition, using a BALJER BAK 600 with 1.2 X 10-7 Torr chamber pressure, 42.1 mA current and 
1.5 Å/s deposition rate. In the second method, SiO2 was deposited using RF (radio frequency) magnetron 
sputtering. To reduce pinhole defects in the dielectric material, SiO2 was deposited in two steps. First, a 200 
nm SiO2 layer was deposited, after which the deposited surface was cleaned with acetone and IPA, followed 
by plasma cleaning. After these cleaning processes, the second 200 nm thick SiO2 layer was deposited. RF 
sputtering depends on several factors such as oxygen percentage, oxygen partial pressure, RF power, chamber 
pressure, substrate temperature, substrate bias voltage and the distance between the substrate and the sputtering 
source in the sputtering chamber. Jeong et al (2004) noted that SiO2 film quality, especially the surface 
morphology, was improved by the addition of O2 to Argon in the deposition process. However, they also noted 
that the higher percentage of O2 might decrease deposition rate. Jun et al (2006) noted that higher oxygen 
partial pressure decreases the SiO2 deposition rate. Bhatt and Chandra (2007) suggested that increasing the 
sputtering power decreases the surface roughness and hence improves the quality of the SiO2. The dielectric 
layer growth kinetics is controlled by the mobility of the impinging atoms on the surface before they condense 
and become entrapped in the film. Bhatt and Chandra (2007) suggested a RF power from 200 to 300 W suitable 
for SiO2. Thornton and Hoffman (1989) noted that increasing the chamber pressure increases the gas phase 
collisions, which reduces the kinetic energy of sputtered neutral atoms and produce a porous dielectric layer 
of SiO2. The above study suggested a sputtering pressure or chamber pressure of 5 mTorr. Zeng and Korsmeyer 
(2004) noted that the substrate bias voltage can provide the SiO2 film with good stoichiometry and dense layer. 
The study used 150 V substrate bias voltage and recommended that the post-annealing can reduce the defects 
of the dielectric layer. As suggested by the studies (Jeong et al 2004, Jun et al 2006, Santamaria et al 1985), 
increasing substrate temperature increases the densification of the SiO2 layer and hence the breakdown voltage. 
Based on these literature results, the following parameters were used for the sputtering process of SiO2: O2/Ar 
ratio 1:9, O2 partial pressure 3 mTorr, chamber pressure 5 mTorr, RF power 300 W, substrate temperature 400 
°C, substrate bias voltage 150 V. Another important feature observed is the effect of the substrate and source 
distance in the sputtering chamber on the deposition rate. With a substrate and source distance of 4 cm, the 
deposition rate was 10 nm/min, whereas when the distance was increased to 26 cm (using a fixed substrate and 
source distance machine), the deposition rate reduced to 0.125 nm/min.  
In this study the SiO2 performance in electrowetting is compared with other dielectric materials, such as PDMS 
(600 nm) and Ta2O5 (400 nm). The PDMS layer was deposited by spin coating for 10 s at 2000 rpm, followed 
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by 25 s at 6000 rpm.  The Ta2O5 was deposited using a BALJER BAK 600 with 1.9 X 10-7 Torr chamber 
pressure, 43.5 mA current and 2 Å/s deposition rate. To conduct sessile drop electrowetting, it is required to 
have a hydrophobic surface on top of the dielectric. Among these, PDMS is inherently hydrophobic. Therefore, 
it does not need an extra hydrophobic layer. For SiO2, Trichloro (1H,1H,2H,2H-perfluorooctyl) silane 
(PFOTS) (Aldrich) monolayer was deposited. The PFOTS layer was deposited by chemical vapor deposition 
method at a vacuum pressure of 100 mTorr for two hours and a successive bake for one hour at 100 ℃ (the 
resultant thickness was 10 Å).  
Electrowetting of a sessile drop occurs if there is a potential difference in between the solid-liquid-vapor triple 
contact point and the electrode beneath the dielectric layer. Several studies have thoroughly investigated the 
physics behind the dielectric breakdown (Suyama et al 1987, Schuegraf and Hu 1994, Okhonin and Fazan 
1998). When the dielectric layer breaks down, charges travel from the electrode to the drop and there will be 
no potential difference and hence no electrowetting. The dielectric breakdown can occur in different ways due 
to the deposition defects. The dielectric layer can behave as a semiconductor and experience electric 
breakdown if there is an oxygen deficiency in the material. Also, a sharp corner of an electrode can create high 
electrical field concentration and can break the dielectric layer. The dielectric strength also limits the reliability 
of a pure defect-free dielectric layer and if the applied voltage exceeds the maximum allowable voltage, 
breakdown occurs. A second hydrophobic and dielectric material such as Teflon, fluoropolymer can eliminate 
the dielectric breakdown due to nano-cracks. Even though a hydrophobic layer sits on top of the dielectric 
material, charges can travel through the nano-cracks of the dielectric layer and may reach to the bottom of the 
hydrophobic layer. Then the hydrophobic layer will prevent the breakdown and its success in preventing the 
dielectric breakdown depends on the thickness and dielectric constant of the material. If the voltage increases 
continuously, the hydrophobic layer can also break down when the voltage reaches its breakdown voltage. The 
main aim of this research work is to investigate the electrowetting performance of SiO2. For this reason, instead 
of using thicker dielectric hydrophobic materials (thickness of a tenth of a nanometer), a thin PFOTS 
monolayer (10 Å) was deposited on top of SiO2. The silane layer was not aimed to prevent the dielectric 
breakdown.  For this reason, the dielectric breakdown occurred in this study just because of the defects in the 
dielectric layer.  
In this study, the breakdown voltages were detected by the leakage current and sudden change and optical 
observation. When the breakdown occurred, the current passed through the dielectric layer and the sessile 
drop and a sudden inrush current appeared which indicated the breakdown of the dielectric. Also, when the 
short-circuiting occurred due to dielectric breakdown, bubbles formed on top of the dielectric material, 
which also provided the information of dielectric breakdown.  
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4.3  Results 
4.3.1  Effect of Deposition Methods and Ionic Liquid 
To investigate the effect of annealing, four different types of samples were produced: e-beam deposited SiO2 
and sputter-deposited SiO2 both with and without post-annealing. The post-annealing of the e-beam and 
sputter-deposited SiO2 samples was done at 450 °C for 5 hours in the presence of air. The roughness was 
measured using atomic force microscopy (AFM). The average roughness of the e-beam deposited SiO2 reduced 
from 2.1 to 1.7 nm after the annealing process, while the sputter-deposited SiO2 roughness reduced from 1.1 
to 0.8 nm. The roughness measurements showed that the sputtering process produces a slightly smoother 
surface than the e-beam process. The low surface roughness indicates a dense SiO2 layer in sputtered deposited 
sample. Also, the higher surface roughness of e-beam deposited layer indicates a porous SiO2 layer (Santamaria 
et al 1985, Jeong et al 2004, Jun et al 2006). The e-beam deposited porous SiO2 layer showed almost no contact 
angle change with voltage (Figure 4-3a) and it did not follow the theoretical apparent contact angle according 
to Lippmann-Young physical model. The small contact angle reduction may be due to the evaporation of the 
drop during the experiment which is known to reduce contact angle (Park et al 2012, Yuan and Lee 2013). As 
shown in Figure 4-3a, the sputter deposited and annealed SiO2 layer exhibited the best electrowetting 
performance due to higher contact angle change.  
Figure 4-3a also shows that the apparent contact angle was adjacent to the theoretical curve until it reached the 
saturation voltage. The threshold voltage is almost the same for both sputter deposited samples (≈ 5 V). The 
post annealed sputter deposited sample had higher saturation voltage (25 V) than the un-annealed sample (15 
V). Also, the breakdown voltage increased from 20 V (un-annealed sputter deposited sample) to 30 V (post-
annealed sputter deposited sample). Due to that, the post-annealed sputter deposited sample achieved around 
35° contact angle change, whereas the un-annealed sputter deposited sample achieved around 20° contact angle 
change. 
To investigate the effect of ions in the liquid in electrowetting on the SiO2 dielectric layer, the apparent contact 
angle of an ionic liquid (0.1 M NaCl aqueous solution) is compared with de-ionised (DI) water (MilliQ). As 
shown in Figure 4-3b, the DI water sessile drop showed a higher breakdown voltage and thus a higher contact 
angle change. On the other hand, with the ionic liquid, the dielectric layer was broken at 20 V with a contact 
angle change of 26°. Figure 4-3b shows that the electrowetting with ionic layer showed a sharp change of 
contact angle at around 10 V and then gradually reached to the breakdown voltage at 20 V. A possible 
explanation would be that the ions traveled through the defects at a faster rate with increasing voltage, which 
caused the breakdown of the dielectric layer at a lower voltage. The DI water drop apparent contact angle was 
closer to the theoretical apparent contact angle curve compared to the ionic water drop. This result proves that 
the DI water in the case of the SiO2 dielectric layer increases the dielectric breakdown voltage, as previously 
suggested (Zhou et al 2009). 
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(a) 
 
(b) 
Figure 4-3. SiO2 dielectric layer electrowetting performance (a) change of contact angle of DI water drop 
with applied voltage, (b) electrowetting performance of DI and ionic water on the sputter-deposited SiO2 
dielectric layer (the error bars are calculated using the standard deviation of the mean for each sample). The 
sessile drop image shows the apparent contact angle of DI and ionic water at the maximum applied voltage. 
 
4.3.2  Defects in SiO2 Dielectric Material 
The e-beam deposited SiO2 layer performed very poorly in the experiments. At low voltages (≈5 V), the 
dielectric layer was damaged (as shown in Figure 4-4a). 
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(a) (b) (c) 
Figure 4-4. (a) The e-beam deposited and damaged SiO2 layer after an applied voltage of 5V.  Defects in (b) 
e-beam deposited SiO2 sample and, (c) sputter-deposited SiO2 sample. 
 
SEM of the samples showed defects in both the e-beam and sputter-deposited SiO2 layers (Figure 4-4b-c). 
Both samples in Figure 4-4b-c were investigated before conducting any annealing and electrowetting 
experiment. Figure 4-4b represents the defects in the SiO2 layer deposited by e-beam deposition. The figure 
shows that e-beam deposited SiO2 produced relatively large (2-5 µm) pinholes, responsible for dielectric 
breakdown even at small voltages. The sputtered samples showed better electrowetting performance, which is 
supported by the SEM images showing no micrometer size pinholes. However, there were still some 
nanometer-sized cracks in the dielectric layer (Figure 4-4c). As shown in Figure 4-3a, sputter-deposited SiO2 
layers showed higher breakdown voltage in comparison to e-beam deposited ones. As the cracks in the sputter 
deposited layer were a few nanometres, water might not penetrate the dielectric layer due to strong surface 
tension forces. Eventually, at higher voltages, the electric field force pulled the water drop through these cracks 
and caused dielectric breakdown. This also explains the higher contact angle change in sessile drop 
electrowetting of the sputter-deposited SiO2 layer regardless of nm range cracks in the dielectric layer. This 
study expect that a second dielectric layer or hydrophobic layer may fill up or cover these nano-cracks and 
improve the performance of the sputter coated SiO2 layer for beam steering electrowetting device application.  
 
The reason for the difference of the performance of e-beam deposited and sputter-deposited SiO2 layer is the 
method of deposition. Specifically, how the impinging atoms move and condense in the film defines the quality 
of the thin film. In the e-beam deposition method, the electron beam evaporates the target material which 
deposits on the substrate at room temperature. In e-beam deposition method, there is no mechanism which can 
help the mobility of the atoms to condense on the substrate surface. On the other hand, in sputtering deposition 
methods, there are several process parameters, such as substrate temperature, substrate bias voltage etc to 
create mobility of the atoms on the substrate surface and to help condense a film with minimal defects.  
.  
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4.3.3   Comparison of SiO2 With Other Dielectric Materials in EWOD 
The electrowetting performance of SiO2 is compared with organic dielectric material PDMS and inorganic 
dielectric material Ta2O5. To compare the electrowetting performance of these dielectric materials with 
different thickness, the contact angle change and dielectric thickness is normalised. Equation (1.5) can be 
rearranged as,  
(4.1) 
 
 
Multiplying both sides of above equation by the thickness of the dielectric layer, d, normalise the equation is 
normalised with respect to the different thickness of the dielectric layers. For this reason, the applied voltage 
in x-axis versus 10(cos cos ) 10r y dθ θ− ×  on the y-axis is plotted to normalise the effect of different thickness 
dielectric layers on the contact angle change. This approach allows electrowetting performance comparisons 
of different dielectric materials with different thicknesses. Figure 4-5 shows the results of the sessile drop 
electrowetting experiments using SiO2 (sputter deposited), PDMS and Ta2O5 in air-water and silicone oil-water 
medium. Figure 4-6 shows the maximum contact angle change and corresponding maximum applied voltage 
of all these dielectric materials in air-water and silicone oil-water. The left y-axis of Figure 4-6 shows the 
normalised maximum contact angle change and right y-axis of this figure shows the corresponding maximum 
voltage, ‘V’. The error bars in Figure 4-5 and Figure 4-6 are calculated using the standard deviation of the 
mean for each sample. Figure 4-5 shows that PDMS has higher breakdown voltage but the contact angle change 
is less than SiO2. This is due to the low dielectric constant (2.3-2.8) of PDMS in comparison to SiO2 (3.8). As 
Ta2O5 has a higher dielectric constant (26) than SiO2 (3.8), Figure 4-5 and Figure 4-6 show that the apparent 
contact angle change is higher in Ta2O5 compared to SiO2. However, as shown in Figure 4-5 optical 
transmission of Ta2O5 is comparatively low (70% optical transmission in visible solar spectrum range). For 
these reasons, for electrowetting performance and optical transmission, sputter deposited SiO2 is a more 
suitable dielectric material for a beam steering electrowetting device. Figure 4-5 and Figure 4-6 also show that 
silicone oil, as an alternative medium to air combined with water, improves the applied voltage range on the 
SiO2 layer. The silicon oil lowers the interfacial tension and based on the Lippmann-Young model the contact 
angle change can be increased for a given applied voltage and dielectric material. 
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Figure 4-5. Electrowetting performance of SiO2, PDMS and Ta2O5 dielectric materials in air-water and 
silicone oil-water media. 
 
 
 
 
Figure 4-6. Comparison of the maximum contact angle change and the maximum voltage of EWOD using 
SiO2 and other dielectric materials. 
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4.4  Conclusion  
 
This chapter presents a thorough investigation on the use of SiO2 as a dielectric material for beam steering 
electrowetting devices where different deposition methods were used. The investigation in this chapter 
found that sputter-deposited SiO2 was better than e-beam deposition in terms of dielectric breakdown and 
contact angle change. Post-annealing of the SiO2 layer allows higher voltages without breakdown and hence 
higher contact angle change probably due to the fusing of nano-sized defects. It is identified that, while 
there is a steeper contact angle change with voltage of ionic liquids compared to DI water on the SiO2 layer, 
ionic liquids also facilitated a lower dielectric breakdown voltage. Comparing SiO2 with other dielectric 
materials such as PDMS and Ta2O5, SiO2 allows a higher change of contact angle per unit voltage. The 
applied voltage range of SiO2 improved when silicone oil is used as the interface medium with water instead 
of air. Finally, the sputter deposition parameters as adopted here can guide the use of SiO2 as a dielectric 
for beam steering electrowetting devices.  
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Chapter 5  Dynamic Behaviour of the 
Ground Electrode 
Over the past decade, researchers have identified several applications of electrowetting. In any electrowetting 
design, at least two electrodes are required: one that works to change the contact angle, and another that 
functions as a ground electrode to complete the circuit. Most studies have focused on the change of contact 
angle of the liquid on the dielectric layer deposited on one of the electrodes. However, the contribution of the 
ground electrode to the dynamics of the electrowetting phenomena has not yet been thoroughly investigated. 
Some research studies have used bare ground electrodes, whereas, in other studies, dielectric-coated electrodes 
have been used in the electrowetting system. This chapter aims to identify the dynamic behaviour of the ground 
electrode and its contribution to contact-angle change in electrowetting. First, the study reviews ground 
electrode design in recent electrowetting research. After this, a theoretical background of dipole water 
molecule charge dynamics and electric field concentration in electrowetting is presented. This chapter then 
describes the materials, methods and results of experimental studies with bare ground and dielectric-coated 
ground electrodes in direct current (DC) and alternating current (AC) voltage electrowetting. Results of 
simulations conducted to determine the electric field concentration in sessile-drop electrowetting are 
subsequently presented. The outcome of these experimental results and simulation findings is explained 
through a discussion. Finally, the conclusion presents the key findings of this study. 
85 
 
5.1 Ground Electrode Design in Recent Electrowetting Studies 
As noted in Chapters 1 and 2, Lippmann first observed that the interfacial tension of a liquid can be changed 
by applying a voltage to it. Researchers have since explored the possibility of utilising electrowetting in several 
applications, such as micro-pumping, micro-mixing, micro-lenses for cameras, beam steering, and digital 
displays. In most electrowetting studies, the primary focus has been to observe the drop deformation and 
contact-angle change when the applied voltage is varied. At least two electrodes are required to provide the 
potential difference.  
With respect to electrode position, electrowetting on dielectrics can be categorised into three different design 
formats: (a) sessile-drop electrowetting, (b) coplanar electrowetting and (c) parallel-plane electrowetting. 
Some recent studies of these different designs are listed in Table 5-1. The sessile-drop electrowetting research 
work (such as that by Khan et al 2018) mostly focuses on identifying the properties of the dielectric material, 
contact-angle change, and the threshold and saturation voltage. As shown in Table 5-1, in sessile-drop 
electrowetting, a dielectric, hydrophobic layer covers the bottom electrode. A sessile drop sits on top of this 
dielectric-hydrophobic layer. A negative potential is applied to the bottom electrode, and the positive terminal 
is connected to the ground electrode, which is inserted from the top. In coplanar electrowetting, no ground 
electrode is inserted into the liquid. Instead, at least two electrodes are patterned on the bottom surface and 
coated with dielectric layers. With the application of a voltage, the sessile drop sitting on top of the electrode-
dielectric layers deforms. Micro-drop mixing, and transportation designs use coplanar electrowetting, where 
the sessile drop moves on the surface of patterned electrodes and is transported from one electrode to another 
by a subsequent switching on-off action. In coplanar electrowetting (Abdelgawad and Wheeler (2007), Li et 
al (2009), Chang et al (2010), Yu et al (2013), and Samad et al (2013)) the liquid drop is also transported by 
actuating arrayed electrodes lying on the same plane.  
In parallel-plane electrowetting, two electrodes are positioned opposite and parallel to each other. 
Investigations into parallel-plane electrowetting, such as those by Pollack et al (2002), Chiou et al (2003), 
Srinivasan et al (2004), Rajabi and Dolatabadi (2010), and Samad et al (2013) have mainly focused on droplet 
transport in a channel. Recent studies have also demonstrated the use of parallel-plane electrowetting in beam-
steering devices (as in Cheng et al (2013), Clement and Park (2016), Khan et al (2017)). A study by Roux et 
al (2007) used the concept of parallel-plane electrowetting to regulate the upward and downward movements 
of a water drop.  
In sessile-drop electrowetting, the bare-ground electrode is inserted into the drop. In a study by Berthier et al 
(2007), as illustrated in Table 5-1, the ground electrode at the centre of the bottom plane was exposed to water, 
whereas the other electrodes were coated with dielectric, hydrophobic layers. In contrast, in Takei et al (2013), 
two dielectric-coated electrodes were placed just below the sessile oil drop and the ground electrode was 
exposed to outside water. Li et al (2009) investigated using a coplanar electrowetting technique for droplet 
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transportation, with no ground electrode used in the design. In parallel-plane electrowetting studied by Roux 
et al (2007), the top electrode was covered with a dielectric layer and the bottom electrode exposed to the 
liquid. In the design of a variable-focus liquid lens by Kuiper and Hendriks (2004), the vertical, parallel 
electrodes controlled the shape of the liquid, and no exposed ground electrode was used.  
Table 5-1. Design types and configurations in recent studies on electrowetting. 
Design type Configuration 
Sessile-drop 
electrowetting 
 
Khan et al (2018) 
Coplanar 
electrowetting 
 
Takei et al (2013) 
 
Parallel-plane 
electrowetting  
 
Kuiper and Hendriks (2004) 
 
An analysis of these designs gives rise to the following questions:  
 What is required for electrowetting – a bare ground electrode or a dielectric-coated ground electrode? 
 What are the differences in electrowetting performance of bare ground electrode, and dielectric coated 
ground electrode?  
Berthier et al (2007) 
 
Li et al (2009) 
 
Roux et al. (2007) 
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 How does the ground electrode affect the electrohydrodynamic behaviour of the liquid in 
electrowetting? 
 
Based on the designs in recent studies and the questions above, the objective of this study is to identify whether 
it is necessary to have a bare ground electrode exposed to the working liquid (water) in electrowetting. The 
study analyses and determines how the ground electrode affects the electrohydrodynamic behaviour of the 
liquid during electrowetting. Furthermore, the electrowetting performance (in relation to the contact-angle 
change) using a bare ground electrode is compared with that using a dielectric-coated ground electrode. Finally, 
the study analyses and compares the performance of DC and AC electrowetting.  
 
5.2 Theoretical Background on Dipole Water Molecules Charge Dynamics and 
Electric Field Concentration in Electrowetting 
Water is predominantly used as the working fluid in electrowetting experiments. When an electric field is 
applied to a sessile drop in an electrowetting experiment, the dipole molecules of water tend to align themselves 
with the electric field. As illustrated in Figure 5-1a, molecules ‘a’ and ‘b’ try to align themselves with the 
applied electric field E. This is because a torque arises on the dipole molecule, which tries to align it with the 
applied electric field. The torque of the dipole molecules in an electric field is defined as,  
= ×τ p E                                                         (5.1) 
where p is the dipole moment, E is the electric field and ‘× ’ denotes their cross product. In a dielectric liquid 
such as water, the dipole molecules are randomly oriented. For example, the dipole molecule ‘a’ in Figure 5-1a 
needs less electric field force and hence less energy to align with the electric field. Conversely, the dipole 
molecule ‘b’ requires more electric field force to align with the electric field. Therefore, in a dielectric medium, 
the dipole molecules gradually align themselves with an increasing electric field.  
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Figure 5-1. Dipole orientation with respect to the electric field. (a) Dipole molecules ‘a’ and ‘b’ aligning with 
applied electric field E plotted in the graph of torque τ versus dipole moment p. Half plane image of the 
sessile water drop (b) the Debye double layer on the bare ground electrode as the voltage rises from zero to 
the threshold voltage of electrowetting, (c) all dipole molecules in the water drop align with the positive 
ground and negative bottom electrode. 
 
As we know, without the application of an electric field, the molecules of the dielectric material orient 
themselves randomly. In the sessile-drop electrowetting setup as illustrated in Table 5-1 and Figure 5-2, the 
bare ground electrode is connected to the positive end of the power supply system. When an electric field is 
applied, the molecules of the dielectric bottom layer gradually align with the electric field. Therefore, when 
the electric circuit is closed (as in Figure 5-2) and a small incremental voltage is applied, the positive charges 
on the ground electrode attract the negative side of the dipole water molecules; see Figure 5-1b. This process 
causes a negative polarisation to gradually develop on the top surface of the dielectric layer. Subsequently, the 
negatively charged dielectric top surface attracts the positive end of the dielectric water molecules. As all the 
molecules of the water drop are not aligned with the electric field when the initial incremental voltage is 
applied, an electric resistance exists through the water drop. During this process, the electric field passes 
through the water from the positive ground terminal to the negative bottom electrode. Until all the molecules 
of water align themselves with the electric field, the water drop acts like a leaky dielectric. This leaky-dielectric 
behaviour of water is also discussed in Saville (1997) and Schnitzer and Yariv (2015). Because of this 
behaviour, the electric field experiences a finite resistance through the water drop. The water drop continues 
to behave like a leaky dielectric until all the dipole molecules align themselves with the electric field. Figure 
5-1c shows the molecules of water aligned between the positive and negative terminals, representing the 
electrowetting condition beyond the threshold voltage of electrowetting. Because all the dipole molecules are 
aligned, the liquid acts as an electric conductor beyond the threshold voltage. As a result, the electric field does 
not pass through the liquid, and hence, it emanates from the surface of the sessile drop. Additionally, due to 
the alignment of the dipole molecules, a net charge develops on the sessile drop’s surface, and a charge 
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concentration arises at the triple contact line. This charge concentration develops an outward electric-field 
force at the triple contact line and depends on the polarisation density of the dielectric (in this case, water).  
The polarisation density P is the vector field that defines the density of the permanent or induced dipole 
moment p in a dielectric medium. For a unit volume dv and dipole moment dp, the polarisation density is 
defined as: 
dp
 = 
dv
P                                                                  (5.2) 
The relationship between bound charge density ρb  and polarisation density P is: 
b Pρ− = ∇⋅                                                                (5.3) 
The polarisation density P is related to the electric field E as follows:  
0ε= eP  x E                                                              (5.4) 
Here, ex is the electric susceptibility, which is defined as the ease with which a dielectric material polarises 
with respect to an applied electric field.  
Since a dielectric liquid with an applied electric field acts as a conductor, the resultant tangential component 
of the electric field is zero and expressed as: 
[ ]0. 0i i =E t                                                       (5.5) 
Here, t denotes the unit vector tangential to the interface, and the square brackets signify the jump in the 
interface obtained by subtracting the value of the inner phase with notation i from that of the outer phase with 
notation o. As previously mentioned, there is an outward jump in electric field displacement (electric flux 
density) equal to the free surface charge per unit area at the interface: 
[ ]0. esiε σ=E n                                                     (5.6) 
The Poisson equation in a dielectric medium is given by:   
( ). eε ϕ ρ∇ ∇ = −                                                 (5.7) 
The Maxwell electric force, which describes electrokinetic phenomena, is represented in the Korteweg-
Helmholtz force density:  
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∂
f  E  ) E.E                                       (5.8) 
The first term on the right side of Equation (5.8) represents the Coulomb force due to the volume charge density
eρ . The second term on the right side of this equation has two components. The first component represents 
the gradient of permittivity at the interface, which occurs due to the inhomogeneity of permittivity of the two 
different mediums at the interface. The second component denotes the gradient of permittivity by the gradient 
of density of the liquid. For an incompressible fluid, this component can be omitted from the equation.  
Considering equation (5.7) and equation (5.8) for an incompressible liquid, we can rewrite Equation (5.8) as  
( ) 1.  . ε
2
= ∇ − ∇D Ef E E                                                  (5.9) 
Equation (5.8) can also be written as  
( )1. .
2
f EE  E E Iε ε = ∇ −  
                                                (5.10) 
Here, I denotes the second order isotropic tensor. Equation (5.10) can be expressed as the divergence of a 
tensor, 
.=∇ Mf  T                                                                 (5.11) 
Therefore, the Maxwell stress tensor is written as 
2
0
1
2ik i k ik
T E E Eε ε δ = − 
 
                                              (5.12) 
where 2E  corresponds to 2E  and δik is the Kronecker delta function; δik = 0 if i ≠ k and δii = 1. Here, I and k 
denote the x and z coordinate directions. 
By integrating Equation (5.11), we obtain the force acting on an elementary volume dV. This force is also the 
same as that obtained from integrating the momentum flux density or the Maxwell stress tensor on the surface 
of dV. Using the Gauss divergence theorem, we can identify the total force on the body: 
 .    .  M M
V V S
dV dV dA= = ∇ =∫ ∫ ∫F  f T n T                                         (5.13) 
The applied electric potential generates this body force F, which in turn deforms the liquid and changes the 
contact angle at the triple-phase (liquid-solid-vapour) contact line; hence, electrowetting occurs. The above 
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derivations are also presented previously where the electromechanical approach of electrowetting is discussed 
in Chapter 2, Section 2.3. Studies such as Kang (2002), Jones et al (2003), Jones (2005), and Ho et al (2011) 
noted these equations and used these approaches to explain electrowetting phenomena. In this study, the 
equations above are used to simulate the electric field in a sessile drop.  
 
5.3 Materials and Methods 
To answer the questions listed in Section 5.1, sessile-drop electrowetting experiments were conducted. As 
shown in Figure 5-2, a sessile drop was placed on top of the hydrophobic-dielectric layer. These layers are 
coated on a transparent ITO (indium tin oxide) electrode layer on top of the glass substrate. A conductive 
contact pad was used to connect the ITO with the negative terminal of the power supply. A thin ground wire 
was inserted into the liquid, and the other end of the wire was connected to the positive terminal of the power 
supply. When a voltage potential was applied to the circuit, electrowetting occurred, and the sessile drop spread 
on top of the surface. The goniometer’s camera captured the image of the sessile drop, and the SCA20 software 
derived the contact angle.  
 
Figure 5-2. Experimental setup for sessile-drop electrowetting. 
Figure 5-3 presents the fabrication process used to construct the electrode and dielectric and hydrophobic 
layers. As shown, a 100 nm ITO layer was first deposited on top of glass using electron-beam deposition. After 
this, the ITO layer was annealed at 450 ºC for four hours to improve its adhesion to the glass surface and 
increase its electrical conductivity. Recent studies, such as Khan et al (2017) and Khan et al (2018) suggest 
that inorganic dielectric material can increase the electrowetting performance in comparison to organic 
dielectrics, as the inorganic dielectric material has a high dielectric constant and can be deposited as a thin 
layer. For this reason, a 100 nm thick Al2O3 layer was deposited on top of the ITO layer as a dielectric material. 
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The Al2O3 layer was deposited by an atomic-layer-deposition process which produced a defect-free, thin 
dielectric layer. In addition, some studies (Zhou et al (2009), Khan et al (2018, 2017)) suggest that a two-layer 
dielectric-hydrophobic material can reduce defects and help to prevent dielectric breakdown. They also state 
that an inorganic first layer with an organic-hydrophobic second layer increases the breakdown voltage limit. 
In recent studies, Cytop (an organic hydrophobic material) has shown better performance in electrowetting 
because of its high breakdown voltage in comparison to other hydrophobic-dielectric materials (Mugele and 
Baret (2005), Liu et al (2009), Zhou et al (2009)). Therefore, in this study, Cytop was chosen as the 
hydrophobic material to be deposited on top of the Al2O3 dielectric layer. Additionally, to improve the adhesion 
of Cytop to the Al2O3 layer, an adhesion promoter solution was used. This solution was prepared by mixing 
0.1% amino silane agent to a mixture of ethanol (95%) and deionised (DI) water (5%). As displayed in Figure 
5-3, after the adhesion promoter was spin-coated, a 4% Cytop 809 solution was spin-coated and then baked to 
produce the 100 nm thick Cytop layer. 
 
Figure 5-3. Fabrication process to deposit the electrode, dielectric and hydrophobic layers. 
In the experimental study, sessile-drop electrowetting was conducted with a bare ground wire and a Cytop-
coated ground wire. For the latter, the same procedure as that mentioned in Figure 5-3 was followed to coat a 
ground wire with Cytop. In this study, both AC and DC voltage were separately used to change the contact 
angle in sessile-drop electrowetting. For AC voltage electrowetting, only the positive part of the sinusoidal 
curve is used. Also, a high frequency must be used to avoid the vibration of the sessile drop (Kuiper and 
Hendriks (2004), Cheng et al (2013), Takei et al (2013)). The current study used a 10 kHz frequency for the 
AC voltage supply. To conduct an electrowetting experiment by using AC voltage, this study used a function 
generator along with a custom-made high-frequency transformer. The function generator supplied high-
frequency positive-waveform AC voltage, and the transformer amplified the output. It is to be noted that all 
voltages applied to the bottom electrode are negative electric potential.  
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5.4 Experimental Outcome 
To investigate the contribution of the ground electrode to the electrowetting phenomenon, several experiments 
were conducted. First, this study investigated how the contact angle changes in sessile-drop electrowetting 
with a DC voltage supply and a bare ground electrode. Then, DC voltage electrowetting with a Cytop-coated 
ground electrode was studied. The contact-angle change in sessile-drop electrowetting with both DC and AC 
voltage was also examined, with the main aim of observing whether the contact-angle change in electrowetting 
differs with a change in the type of applied voltage. 
 
Figure 5-4. Sessile-drop DC voltage electrowetting with a bare ground electrode. 
Figure 5-4 shows the contact angle in sessile-drop electrowetting with a bare ground electrode and DC power 
supply. The graph presents the contact angles both in forward electrowetting (increasing voltage) and reverse 
electrowetting (decreasing voltage). Each data point in the graph represents the average of repeated data sets, 
and the error bars are calculated using the standard deviation of the mean for each measurement. Also, the 
theoretical contact-angle curve, calculated using the Lippmann-Young equation (1.5), is presented in the graph. 
A similar procedure is followed for the other graphs in this chapter, displaying the relationship between 
contact-angle change and voltage, such as those in Figure 5-5, Figure 5-6 and Figure 5-7. As seen in Figure 
5-4, an interesting phenomenon was observed during this experiment, which, to the author’s knowledge, has 
not so far been noted in any previous research studies. We know that, according to the Lippmann-Young 
equation (1.5), in sessile-drop electrowetting, the liquid drop spreads on the dielectric layer’s surface, and the 
contact angle gradually decreases with increasing voltage. In an experiment, usually, this change in contact 
angle occurs beyond the threshold voltage of electrowetting. The value of the threshold voltage depends on 
the properties of the dielectric material, such as the dielectric constant and the thickness of the dielectric layer.  
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As shown in Figure 5-4, in this study, as the voltage gradually increased from 0 V to 5 V, the contact angle 
also gradually increased. This phenomenon contradicts the theoretical understanding of electrowetting as 
depicted by the Lippmann-Young equation. According to this equation, the contact angle should decrease with 
increasing voltage, as is observed from 5 V onwards. As shown in Figure 5-4, 5 V can be considered the 
threshold voltage for these electrowetting experiments, since electrowetting phenomena were observed to 
occur beyond this value. From 10 V onwards, the contact angle was in close agreement with the theoretical 
contact-angle value, and it reached 73° (average) at 25 V.  
The data from this experiment led to the following question: Why did the contact angle increase (instead of 
decrease) when the voltage was increased from 0 to 5 V? Similar behaviour was observed when the voltage 
was gradually reversed (as shown in Figure 5-4). The contact angle was then initially 73° (average) at 25 V. It 
returned to 109° (average) at 5 V and then sharply dropped to 93° (average) at 0 V. As revealed in Figure 5-4, 
the contact angles of the sessile drop were different at the beginning of the experiment and at the end, when 
the voltage returned to 0 V. This may be because the sessile drop evaporated during the forward and backward 
electrowetting in the experiment, since evaporation is known to cause a reduction in the contact angle (Park et 
al (2012), Yuan and Lee (2013)). If we consider the contact angle of 93° at 0 V during the reversed 
electrowetting experiment, according to the Lippmann-Young theory, the contact angle should gradually return 
to this value from 73°. It should not go up to 109° at 5 V and then drop back down to 93°. From the experimental 
data, it seems that there was an extra upward force on the drop over the ground electrode, which pulled the 
sessile drop upward. As a result, the contact-angle change deviated from the theoretical curve. Figure 5-4 also 
indicates a hysteresis of 6° between 10 V and 20 V.  
 
Figure 5-5 Sessile-drop DC voltage electrowetting with a Cytop-coated ground electrode. 
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Figure 5-5 shows the contact-angle change in sessile-drop electrowetting with a Cytop-coated ground electrode 
and DC voltage supply. When this electrode was used, no unusual behaviour was observed during forward and 
reverse voltage electrowetting in the range of 0 to 5 V, as shown in Figure 5-4. From Figure 5-5, it can be 
noted that the threshold voltage of this experiment was also 5 V, beyond which the contact angle decreased 
sharply with increasing voltage. From 0 V to 5 V, there was a small change in contact angle. Furthermore, 
during the reverse voltage electrowetting, no upward or downward change in contact angle was observed as 
the voltage moved from the threshold to 0 V and vice versa, as seen in Figure 5-4. Figure 5-5 also reveals that 
from the threshold voltage of 5 V to 20 V, the hysteresis was negligible. The contact angle reduced by 4° 
during reverse electrowetting, when the voltage returned to 0 V. This may be due to the evaporation of the 
sessile drop during the experiment.  
As noted before, this study is also interested in investigating how the contact-angle change in sessile-drop 
electrowetting differs with AC and DC voltage supply. A bare ground electrode was used in the sessile-drop 
AC electrowetting experiment. As shown in Figure 5-6, with AC voltage, a slight decrease in contact angle 
from 0 to 5 V was detected, and the contact-angle change was more evident when the voltage was increased 
to 5 V and higher. From these experimental data, 5 V can be marked as the threshold voltage of electrowetting, 
This value is consistent with the previous electrowetting experiments, presented in Figure 5-4 and Figure 5-5. 
In sessile-drop AC electrowetting experiments with a bare ground electrode, no similar change in contact angle 
was seen as the voltage rose from zero to the threshold voltage, as observed before with the bare ground 
electrode and DC voltage supply. A similar statement can be made for the reverse electrowetting experiments 
with a bare ground electrode and AC voltage supply (Figure 5-6). Finally, it is evident from the experimental 
results (Figure 5-6) that the contact angle in sessile-drop electrowetting followed a trend similar to the 
theoretical curve. 
 
Figure 5-6. Sessile-drop AC voltage electrowetting with a bare ground electrode. 
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Figure 5-6 also indicates that a contact-angle hysteresis of an average of 3° was observed with the bare ground 
electrode and AC voltage supply. On comparing Figure 5-4, Figure 5-5 and Figure 5-6, it can be noted that the 
hysteresis of the contact angle was the least with the Cytop-coated ground electrode in sessile-drop DC 
electrowetting. Besides, with the bare ground electrode, less hysteresis was witnessed in AC electrowetting 
than in DC electrowetting.  
Figure 5-7 compares the contact-angle change in sessile-drop electrowetting with a bare ground electrode and 
forward DC voltage, a bare ground electrode and forward AC voltage, and a Cytop-coated ground electrode 
and forward DC voltage. As seen, the contact angle increases as the voltage increases from zero to the threshold 
voltage of 5 V in DC electrowetting with a bare ground electrode, whereas the contact angle remains the same 
or slightly decreases with the Cytop-coated ground electrode and DC voltage, and with the bare ground 
electrode and AC voltage. Furthermore, the contact-angle change was less in AC electrowetting (average of 
27°) than in DC electrowetting (where the average contact-angle change was 34° with both bare and Cytop-
coated ground electrodes).  
 
Figure 5-7. Comparison of sessile-drop electrowetting with a bare ground electrode and forward DC voltage, 
a bare ground electrode and forward AC voltage, and a Cytop-coated ground electrode and forward DC 
voltage.  
 
Table 5-2 presents the images of the sessile drop in the forward-voltage and reverse-voltage electrowetting 
experiments with a bare ground electrode and DC voltage, a Cytop-coated ground electrode and DC voltage, 
and a bare ground electrode and AC voltage. As seen in the table, in the DC electrowetting experiment with 
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the bare ground electrode, the contact angle increased from 105° at 0 V to 111° at 5 V, whereas in the other 
electrowetting experiments, the contact angle gradually decreased. Similar phenomena were observed during 
the reverse-voltage electrowetting experiments.  
 
Table 5-2. Contact-angle of sessile drop in electrowetting with DC-bare ground electrode, DC-Cytop coated 
ground electrode and AC-bare ground electrode.  
 
In the next sections, the simulation study and theoretical framework is presented to answer the questions related 
to the experimental results.  
 
5.5 Simulation of Electric Field 
Simulations were carried out to understand the experimental results presented in the previous section. Step-
by-step guidelines for designing the simulation model are presented in Appendix II. The primary objective of 
these simulation studies was to determine how electric potential and electromotive force develop in a sessile 
drop with a bare ground electrode or a dielectric-coated ground electrode when the drop acts as a leaky 
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dielectric or as a pure conductor. The commercial software COMSOL Multiphysics 5.2 was used to execute 
the simulations in this study. It should be noted that in the electric field simulations, water is assumed to be a 
continuum. The simulation does not take into account the molecular dynamics of the dipole molecules of water 
and the formation of a Debye double layer. Therefore, they represent only the macroscopic electric field 
simulation results. In the simulation model, the laminar two-phase flow and level set method were used to 
specify the properties of the liquid, and the electrostatic module of the software was used to calculate the 
associated electric field with applied electric potential. Figure 5-8 presents the boundary conditions of the 
simulation model. An axisymmetric geometry was used in the simulation to represent water, air, the ground 
electrode, the bottom electrode and the dielectric material.  
 
Figure 5-8. Boundary conditions of the simulation study. 
 
The simulation was carried out in two steps. In the first step, the phase initialisation process used the level set 
method to assign the simulation parameters to the geometry. In the second step, the electrostatic solver 
simulated the electric field, given the applied voltage. As mentioned in the experimental design discussed in 
previous sections, a thin dielectric layer (with a thickness of 100 nm to a few µm) covers the bottom electrode. 
The sessile drop is placed on top of this layer. As this dielectric layer is much thinner than the size of the water 
drop, simulating it is difficult without having a very large number of mesh elements, which increases the 
computation time. To avoid this, the thin permittivity gap (TPG) boundary condition is used to represent the 
physical properties (thickness and dielectric constant) of the dielectric. A TPG boundary layer is defined on 
top of the bottom electrode of Figure 5-8. The TPG creates a potential difference between the sessile drop and 
the dielectric layer’s top surface.  
Besides the electric potential and electric field lines, this study also investigates the electric field force on the 
sessile water drop based on the macroscopic electric field simulation. Equation (5.13) derives the electric field 
force at the triple-phase contact line. Figure 5-9 shows the starting point of the arc lines on the ground electrode 
99 
 
and dielectric surfaces. These lines are used for plotting the electric field magnitude in Figure 5-11, Figure 
5-13, Figure 5-17 and Figure 5-19. 
  
 
Figure 5-9. Arc lines for plotting electric field magnitude and for integration calculations of resultant force 
on the dielectric and ground electrode surfaces.  
 
5.5.1 Bare Ground Electrode Exposed to a Sessile Water Drop 
The simulation model consists of a bare ground electrode exposed to a sessile drop of water and a bottom 
electrode covered with a dielectric. To determine how the electric potential develops when the sessile drop 
acts as a leaky dielectric and when it acts as a pure conductor, two separate simulations were conducted in this 
study. In both simulations, most of the parameters were the same except the permittivity of water. In the first 
simulation, the value of the dielectric permittivity of water was set as 80 (Gross and Taylor 1950). In this 
simulation, the TPG boundary condition was defined only for the bottom electrode. The TPG boundary layer 
was defined as a dielectric layer with a dielectric constant of 3.5 (equivalent dielectric constant of Al2O3 and 
Cytop layer together) and dielectric thickness of 2 µm. Figure 5-10 illustrates the result of the first simulation. 
As seen, with a relative permittivity of 80, water acts like a leaky dielectric (This behaviour is explained in 
Section 5.2). An applied voltage of 4 V considered for this simulation. This condition represents voltage below 
the threshold when the dielectric molecules of water gradually align themselves to the electric field line. As 
shown in Figure 5-10a, a voltage gradient exists across the water drop due to the drop’s leaky-dielectric 
behaviour. The black arrowhead lines represent the electric field force as described by Equation (5.13). In this 
scenario, the macroscopic electric field forces are evident on the surface of the ground electrode. Figure 5-10b 
shows a magnified image of the vertical-force component direction at the sessile-drop–ground-electrode 
100 
 
interface. There is a concentration of upward force component at the triple-phase contact line of the sessile 
drop on the ground electrode surface. Figure 5-11 shows the electric field magnitude on the ground electrode 
surface and on the bottom dielectric surface when water is a leaky dielectric. The electric field magnitude is 
higher on the ground electrode surface than on the bottom dielectric surface, except at the triple-phase contact 
point on this layer. There is electric field concentration on top of the ground electrode. As seen, the electric 
field magnitude is maximum at the starting point of the arc line on top of the ground electrode. However, the 
electromotive force integration along the ground electrode surface is higher than the electromotive force 
integration on the bottom dielectric surface (see Table 5-3).  
 
 
 
(a)  (b) 
Figure 5-10. (a) Electric field simulation considering water to be a leaky dielectric, with a bare ground 
electrode exposed to a sessile water drop and 4 V applied to the bottom electrode covered with a dielectric. 
(b) Magnified view showing the vertical-electromotive-force component (Fz) direction on the ground 
electrode surface (surface of the plot: electric potential (V), red arrow lines: electric field lines, black arrow 
lines: resultant force lines).  
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Figure 5-11. The electric field magnitude on the ground electrode surface and the bottom dielectric surface, 
considering water to be a leaky dielectric (4 V applied to the bottom electrode). 
 
Table 5-3. Force integration on surfaces with an applied voltage of 4 V. 
 
 
 
 
In the second scenario with a bare ground electrode, the simulation was conducted considering water to be a 
conductive liquid with a very high relative permittivity of 1×105. A 6 V is applied to bottom electrode. This 
condition represents a scenario beyond the threshold voltage of this electrowetting simulation, considering 
threshold voltage is 5V.  
Figure 5-12 displays the result of this simulation. As expected, there is no voltage drop through the water and 
thus no electric field in the water drop. The electric field lines emanate from the surface of the sessile drop. 
Thus, the electric field is concentrated at the triple contact point, and a higher electric field force was observed 
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at the triple contact point, as indicated by the black arrows. Hence, this simulation correctly describes the 
behaviour of the sessile drop in electrowetting beyond the threshold voltage, because beyond the threshold 
voltage, the dipole molecules align themselves with the electric field and the liquid acts as a conductor. The 
forces are then sufficient to cause the observed electrowetting phenomenon.  
Figure 5-13 shows the electric field magnitude on the ground electrode surface and the bottom dielectric 
surface when water is a conductive liquid. The electric field magnitude over the ground electrode surface is 
lower than that at the triple contact point on the bottom dielectric layer. Also, according to Table 5-4, the 
electromotive force integration over the arc line on the bottom dielectric surface is considerably higher than 
that over the arc line on the ground electrode surface. Therefore, the simulation shows that when water acts as 
a conductive layer, a larger resultant force acts on the bottom dielectric layer, which spreads the liquid drop 
over the surface of this layer.  
 
 
Figure 5-12. Electric field simulation considering water to be a conducting liquid, with a bare ground 
electrode exposed to a sessile water drop and 6 V applied to the bottom electrode covered with a dielectric 
(surface of the plot: electric potential (V), red arrow lines: electric field lines, black arrow lines: resultant 
force lines).  
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Figure 5-13. Electric field magnitude on the ground electrode surface and the bottom dielectric surface, 
considering water to be a leaky dielectric (6 V applied to the bottom electrode). 
  
Table 5-4. Force integration on surfaces with an applied voltage of 6 V. 
 
 
 
 
In the simulation results, as presented in Figure 5-10 and Figure 5-12, the triple-phase contact angle 
on bare ground electrode and bottom dielectric layer was 90°. To identify the effect of contact angle 
on the electric field concentration in electrowetting with bare ground electrode, a simulation is 
conducted where both the surfaces of the ground electrode and dielectric layers are assumed as 
superhydrophobic with contact angles 165° (Figure 5-14). Figure 5-15 shows the result of the 
simulation. Figure 5-15 (a) represents the scenario, when water is considered as leaky dielectric and 
Figure 5-15 (b) represents the scenario when water is considered as a conducting liquid. As shown in 
the figure, with the change of contact angle, there is no change of electric field concentration location. 
When water acted as a leaky dielectric, the electric field is concentrated on the ground electrode, and 
when it considered as conducting liquid, the electric field concentrated on the triple-phase contact 
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point on the bottom ground electrode. Therefore, the initial triple phase contact angle has no impact 
on the electric field concentration and hence on the electrowetting.  
 
Figure 5-14. Hydrophobic sessile drop with 165° C contact angle on the ground electrode.  
  
 
(a) 
 
(b) 
Figure 5-15 Electric field simulation considering hydrophobic bare ground electrode and the bottom dielectric 
layer with a contact angle of 165°: (a) water as a leaky dielectric, (b) water as a conducting liquid.  
5.5.2 Dielectric-Coated Ground Electrode 
To compare and understand the experimental results, simulations were conducted with a dielectric-coated 
ground electrode. In this set of simulations, the TPG boundary layer was defined both on top of the bottom 
electrode and on top of the ground electrode. The TPG boundary layers were defined as a dielectric layer with 
a dielectric constant of 3.5 and dielectric thickness of 2 µm. Figure 5-16a presents the results of the simulation 
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with 4 V applied to the bottom electrode and water considered to be a leaky dielectric (with an electric 
permittivity of 80). These parameters represent a scenario of electrowetting below the threshold voltage. Figure 
5-16b shows a magnified image of the vertical-force component direction at the sessile-drop–ground-electrode 
interface. As shown in both these figures, the electric field force on the liquid-dielectric interface pushes the 
sessile drop downward along the dielectric-coated ground electrode surface.  
 
 
(a) (b) 
Figure 5-16. (a) Electric field simulation considering water to be a leaky dielectric and a dielectric-coated 
ground electrode exposed to a sessile water drop, with 4 V applied to the bottom electrode covered with a 
dielectric. (b) Magnified view showing the vertical-electromotive-force component (Fz) direction on the 
surface of the dielectric-coated ground electrode (surface of the plot: electric potential (V), red arrow lines: 
electric field lines, black arrow lines: resultant force lines). 
 
Figure 5-17 shows the electric field magnitude on the dielectric-coated ground electrode surface and the bottom 
dielectric surface. Additionally, Table 5-5 presents the electromotive force integration over these two surfaces. 
The figure and the table indicate that the electric field magnitude and the electromotive force are both higher 
on the dielectric-coated ground electrode surface when water is a leaky dielectric and 4 V is applied to the 
bottom electrode. However, the macroscopic electric field simulation of Figure 5-16 shows that the vertical-
electromotive-force component (Fz) on the surface of the dielectric coated ground is having a downward 
direction.  
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Figure 5-17. Electric field magnitude on the dielectric-coated ground electrode surface and bottom dielectric 
surface, considering water to be a leaky dielectric (4 V applied to the bottom electrode). 
 
Table 5-5. Force integration on the surfaces with an applied voltage of 4 V, considering water to be a leaky 
dielectric. 
 
 
 
 
Figure 5-18 displays the result of the simulation with a dielectric-coated ground electrode, when water is a 
conducting liquid with a relative permittivity of 1 × 105. A 6 V is applied to bottom electrode, representing a 
scenario of electrowetting beyond the threshold voltage. As seen in the figure, there are voltage drops both at 
the bottom dielectric surface and the dielectric-coated ground electrode surface. Also, it can be noted from 
Figure 5-19 that the electric field magnitude is high at the triple-phase contact point on top of the bottom 
dielectric layer. Table 5-6 indicates that, when water is a conducting liquid, the electromotive force integration 
on top of the bottom dielectric surface is considerably higher than that on the dielectric-coated ground electrode 
surface.  
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Figure 5-18. Electric field simulation with water considered to be a conducting liquid, a dielectric-coated 
ground electrode inserted to a sessile water drop and 6 V applied to the bottom electrode covered with a 
dielectric (surface of the plot: electric potential (V), red arrow lines: electric field lines, black arrow lines: 
resultant force lines). 
 
 
Figure 5-19. Electric field magnitude on the dielectric-coated ground electrode surface and bottom dielectric 
surface, considering water to be a conducting liquid (6 V applied to the bottom electrode). 
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Table 5-6. Force integration on surfaces with an applied voltage of 6 V, considering water to be a conducting 
liquid. 
 
 
 
 
5.6 Discussion 
5.6.1 Debye Double Formation and Contact-Angle Change in DC Electrowetting with a Bare 
Ground Electrode 
As illustrated in Figure 5-1b, when voltage is applied to the water drop, a local electromotive force develops, 
which creates a thin polarised layer of opposite ions on top of the ground electrode. This layer is known as the 
Debye double layer. Due to the leaky dielectric behaviour of water and the electric field propagated through 
it, a Debye double layer quickly forms on the metal surface of the bare ground electrode as the voltage increases 
from zero to the threshold voltage. Because of this, a charge concentration develops at the triple-phase contact 
line on the surface of the bare ground electrode, which in turn creates an electric field concentration and hence 
an electric field force that pushes the triple contact line of water on the bare ground electrode to rise. Table 5-7 
presents the sessile drop images at 0 V and 5 V. It is evident from the sessile drop images that the contact angle 
increased, instead of decrease for the voltage increase from zero to 5 V. Table 5-7 also shows the schematic of 
the Debye double layer formation on bare ground electrode, which accounts for the contact angle increase in 
that voltage range.  
On the other hand, in this voltage range, the Debye double layer continues to form on the dielectric layer. 
Because of this, the electric field force at the triple contact line on the ground electrode is stronger than that on 
top of the dielectric layer. The simulations in previous section do not capture the physics of formation of Debye 
double layer on the bare ground electrode. The simulation in Figure 5-10 shows how the electric field passes 
through the water drop when water is a leaky dielectric liquid with a dielectric constant of 80. Even though the 
simulation, mentioned previously, does not account for the Debye double layer formation, the electric field 
propagated through the sessile drop causes a gradient of potential to exist through the liquid. A macroscopic 
electromotive force concentration develops on the surface of the ground electrode (Figure 5-10). The 
associated electric field force creates an upward resultant force along the surface of the ground electrode in the 
voltage range of zero to the threshold voltage. This study suggests that the upward force along with the Debye 
double layer electromotive force (not simulated here) lifts the drop, which in turn increases the contact angle 
of the drop on the dielectric layer, as observed experimentally. This behaviour was observed in the experiment 
Integration of Force Force Magnitude, N/m2 
On the bottom dielectric surface 1.18 × 108 
On the dielectric-coated ground electrode surface 2.37 × 105  
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illustrated in Figure 5-4. Furthermore, as also seen in this figure, similar phenomena were observed when the 
voltage was reversed to zero.  
As the voltage increases, dipole molecules align themselves with the applied electric field. As a result, a strong 
electromotive force F is generated at the triple-phase contact point on the bottom dielectric surface; see 
equation (5.13). A Debye double layer also exists on top of the ground electrode. As shown in Figure 5-20, 
more charge accumulates at the triple contact line on top of the dielectric material than on the triple contact 
line of the ground electrode, due to the contact area of the liquid on the dielectric material being larger than 
that on the ground wire. Hence, more electromotive force is available at the triple contact line on the dielectric 
material than that at the triple contact line on the ground electrode. This generates a stronger outward force, 
and the liquid drop spreads over the dielectric layer surface. This state of the liquid drop is characterised by a 
voltage equal to or more than the threshold voltage of electrowetting. During this time, water acts as a pure 
electric conductor. Table 5-7 shows the experimental results and the schematic describing the physics from 
threshold voltage and onward. As shown in the table, the dipole molecules are aligned, and an electric field 
concentration develops at the bottom triple phase contact point. The simulations also validate this assumption, 
as with high electric permittivity, water acts as an electric conductor, and the electric field force is concentrated 
at the triple contact point at the bottom (Figure 5-12 and Figure 5-13). In the electrowetting experiments 
conducted in this study, the threshold voltage of electrowetting was 5 V. Beyond this, as the voltage increased, 
the drop spread further on the dielectric surface.  
 
 
Figure 5-20. Dipole charges at the contact line of the sessile drop (when water acts as a conducting liquid). 
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Table 5-7. Experimental results and schematic describing physics of sessile drop electrowetting with bare 
ground electrode and DC voltage. 
 
Kang (2002) suggested that the sessile drop acts as a pure conductor and the electric field jumps out from the 
surface of the drop. This theory is described in Chapter 2, Section 2.3. However, the present study indicates 
that Kang's (2002) assumption of water being a purely conductive liquid is not satisfied during the process of 
the water drop transforming from a leaky to a pure dielectric. This study postulates that all the molecules of 
the water drop align themselves with the electric field at the threshold voltage of electrowetting. Historically, 
the threshold voltage has been known as that voltage from which the sessile drop in electrowetting experiments 
begins to spread on the surface of the dielectric. From zero to the threshold voltage, the polar molecules 
gradually align themselves with the electric field, the electric resistance decreases, and the liquid acts as an 
electric conductor.  
5.6.2 Contact-Angle Change in DC Electrowetting with a Cytop-Coated Ground Electrode 
In the electrowetting experiments with a Cytop-coated ground electrode and DC voltage (Figure 5-5 and Figure 
5-7), the phenomenon of the contact angle increasing (as detected in the electrowetting experiment with the 
bare ground electrode and DC voltage) was not observed as the voltage increased from zero to the threshold 
voltage. Two factors define the behaviour of sessile drop interface on ground electrode in electrowetting - a) 
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the macroscopic electromotive force magnitude and direction, b) formation of Debye double layer. Figure 5-16 
presents the results of the macroscopic electric field simulation considering water to be a leaky dielectric, with 
a dielectric-coated ground electrode and an applied voltage of 4 V. As seen, a downward electromotive force 
is exerted to the water interface on the dielectric-coated ground surface. Therefore, no upward force pulls the 
sessile drop over the ground surface. Though, it is not captured in the simulation, this study suggests that, the 
threshold voltage has increased on the ground electrode because the metal surface of the ground electrode is 
covered by a dielectric layer. Therefore, there is a lack of strong bound Debye double layer electromotive force 
on top of the dielectric coated ground electrode, to pull the water drop on top of the dielectric coated ground 
electrode from zero to threshold voltage of electrowetting. This lack of strong bound Debye double layer on 
dielectric coated ground electrode for voltage range 0 V to 5 V (threshold voltage) is shown in the schematic 
of Table 5-8. The sessile drop images at 0 V and 5 V also depicts that the contact angle did not increase as it 
was in the sessile drop experiment with bare ground electrode and DC voltage (noted in the previous section). 
This explanation is also supported by the experiment results, as shown in Figure 5-5 and Figure 5-7.  
When the dipole molecules of water align themselves with the applied electric field, the water acts as a 
conducting liquid and the electric field is concentrated at the triple-phase contact line on the bottom dielectric 
surface. This is evident from the simulation results shown in Figure 5-18 and Figure 5-19. Thus, the force on 
the water adjacent to the bottom electrode spreads the sessile drop and decreases the contact angle. This electric 
field concentration on bottom dielectric layer from 5 V to 25 V is also shown in the schematic in Table 5-8. 
. 
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 Table 5-8. Experimental results and schematic describing physics of sessile drop electrowetting with 
dielectric coated ground electrode and DC voltage. 
 
 
The experimental studies also demonstrate that an exposed bare ground electrode is not required for 
electrowetting to occur. In fact, electrowetting also occurs with a dielectric-coated ground electrode.  
5.6.3 Contact-Angle Change in AC Electrowetting with a Bare Ground Electrode 
In the experiment with a bare ground electrode and AC voltage, a high frequency (10 kHz) was used to create 
a steady contact-angle change. To form a stable Debye double layer, the applied frequency must be lower than 
the inverse of the charging time of the double layer (Berthier 2013). Therefore, given the directional change 
and high frequency of the applied AC voltage, this study suggests that a stable and strongly bound Debye 
double layer may not exist on bare ground electrode in AC voltage electrowetting. Because of the high applied 
frequency, the dipole water molecules at the triple-phase contact line on top of the bare ground electrode may 
not receive enough charging time to form a strong Debye double layer. As shown in Figure 5-6 and Figure 
5-7, the contact angle did not increase as the voltage increased from zero to the threshold voltage (5 V), and 
decreased from the threshold voltage onwards in this experiment.  
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5.6.4 Hysteresis of Contact Angle 
In DC electrowetting with a Cytop-coated ground electrode, lower hysteresis was witnessed compared to that 
in DC and AC electrowetting with a bare ground electrode. In a study by Liu et al (2010), Cytop showed the 
best sensitivity on respect to contact-angle change with an applied voltage, among various fluoropolymer 
dielectric materials such as Parylene C, polydimethylsiloxane (PDMS) and self-assembled monolayers 
(SAMs). Because of the dielectric layer on the ground electrode, there was no upward macroscopic 
electromotive force on the ground electrode surface; instead, a downward force existed, as seen in the 
simulation result in Figure 5-16. Also, because of the dielectric layer on top of the ground electrode, this study 
suggests that the Debye double layer formation was delayed. Therefore, there was no upward force to 
contribute to the hysteresis of the contact angle during reverse electrowetting. As a result, the hysteresis 
decreased with the Cytop-coated ground electrode in DC electrowetting. This finding provides a new solution 
to the problem of hysteresis in electrowetting.  
Moreover, the hysteresis was lower in AC than in DC electrowetting, in agreement with a previous study by 
You and Steckl (2013). One of the reasons for the hysteresis of contact-angle change in electrowetting is the 
charge injection into the dielectric layer during the electrowetting process. Because of the alternating character 
of AC voltage, there may be less charge injection into the dielectric layer, accounting for less hysteresis. 
5.6.5 Comparison of Contact-Angle Changes in AC and DC Electrowetting 
Figure 5-7 reveals that the contact-angle change was less in AC electrowetting than in DC electrowetting. In 
DC electrowetting, the charge concentration consistently increases at the triple contact line with increasing 
voltage, whereas, in AC electrowetting, there is a charge relaxation time due to the alternating character of the 
AC voltage supply. In this research work, only the positive side of the alternating voltage cycle in AC was 
used, and the voltage alternated between zero and the applied voltage. Because of this, each cycle had a charge 
relaxation time when the voltage dropped to zero, which accounts for lower charge concentration. Verheijen 
and Prins (1999) noted the charge relaxation time and associated less charge concentration in AC 
electrowetting. Hence, the charge concentration was not as high during AC electrowetting as that during DC 
electrowetting, which may account for the lower contact-angle change in AC than in DC electrowetting. 
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5.7 Conclusion 
This study investigated the newly discovered phenomenon of contact-angle change as the voltage changes 
from zero to the threshold voltage with a bare ground electrode in DC electrowetting, which, to the author’s 
knowledge, had not previously been discussed in prior research work. The investigations conducted in this 
chapter thoroughly examined the role of the ground electrode in electrowetting. The study also explained the 
physics of the threshold voltage of electrowetting. Based on the experimental investigation, theoretical 
explanation and simulation realisation, the conclusions of this study are as follows: 
 A bare ground electrode is not a necessary element in electrowetting. Electrowetting can also occur 
with a dielectric-coated ground electrode.  
 In DC electrowetting with a bare ground electrode, dynamic behaviour is observed as the voltage 
increases from zero to the threshold voltage. The contact angle does not follow the Lippmann-Young 
equation in this range.  
 From zero to the threshold voltage, water behaves as a leaky dielectric. From the threshold voltage 
onwards, it behaves mostly as a conductor and follows the Lippmann-Young equation. 
 Kang's (2002) assumption that the electric field line jumps out from the surface of the sessile drop is 
valid only beyond the threshold voltage.  
 The formation of a Debye layer and the leaky-dielectric behaviour of the water drop create an upward 
pulling force on the drop on the bare ground electrode as the voltage rises from zero to the threshold 
voltage in DC electrowetting. However, in AC electrowetting with a bare ground electrode, this 
phenomenon is not observed, because the high frequency and alternating direction of AC voltage do 
not allow a stable Debye double layer to be formed.  
 Similarly, with a Cytop-coated ground electrode, this phenomenon is not observed because the Cytop 
coat prevents the formation of a strong bound Debye layer on the ground electrode as the applied 
voltage increases from zero to the threshold voltage.  
 For applications where precise control of the contact angle is required, this study suggests that a 
dielectric-coated ground electrode be used since this electrode prevents the contact angle changing 
dynamically as the voltage rises from zero to the threshold voltage.  
 The contact-angle change was less in AC than in DC electrowetting. This phenomenon may be related 
to the lack of a constant charge concentration at the triple contact line in AC electrowetting in contrast 
to DC electrowetting.  
 The hysteresis of contact angle is lower with a Cytop-coated ground electrode and DC voltage than 
with a bare ground electrode and AC or DC voltage. Furthermore, the bare ground electrode exhibits 
less hysteresis in AC than in DC electrowetting. These findings can help researchers solve the contact-
angle hysteresis problem in electrowetting applications.  
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Chapter 6 Simulation of 
Electrowetting on Dielectric 
This chapter presents a two-dimensional and a three-dimensional simulation model and the associated 
boundary conditions and physics to predict the liquid-liquid interface in an electrowetting cell accurately. The 
simulation model developed in this research work is validated by comparing the simulation results with 
experimental results of other research work (Cheng et al (2013) and the electrowetting cell fabricated in this 
study. Finally, the chapter presents parametric studies of the simulation model, to show how the liquid-liquid 
interface deforms with varying properties such as liquid-liquid interfacial tension, electrowetting cell size, the 
applied voltage to the electrode faces of the hexagonal cell and dielectric constant of the dielectric material.  
 
6.1 Simulation of Electrowetting Phenomenon 
Previous work on electrowetting has used different techniques to simulate the phenomenon. Selection of the 
simulation method depends on the area of research and project objectives. For example, different studies have 
utilised Lattice Boltzmann methods, the energy minimisation-based approach, molecular dynamics, and 
application of the Navier-Stokes equations along with the Lippmann-Young equation. 
The Lattice Boltzmann method uses a simplified kinetic simulation of microscopic physics, applied to 
macroscopic equations. Several studies have used this method to simulate electrowetting due to its efficiency, 
accuracy, and reduced computational needs. However, it is most useful for fluid flow situations with complex 
boundary conditions and interfacial dynamics (Chen and Doolen 1998, Kreit et al 2010). In comparison, 
molecular dynamics model simulates at the atomic level and capture the fluid interface at the nanoscale. 
Several studies such as Liu et al (2012) and Zhao and Wang (2013) used molecular dynamics to simulate the 
contact angle saturation and hysteresis. Even though this method accurately predicts electrowetting, it is 
limited due to its requirement for large computational power (Daub et al 2007). 
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Energy minimisation is another efficient method used to simulate the shape of the liquid-liquid interface during 
electrowetting. The open-source software Surface Evolver has been used in most of the studies using this 
technique (Zhang 2011). Even though the software requires less computational time and is an open-source 
program, it is often difficult to develop the complex geometric shape and assign appropriate boundary 
conditions. Furthermore, it is difficult to identify the effect of electric field distribution produced by varying 
electrode size and shape.  
The Navier-Stokes equations govern the macroscopic motion of fluids and satisfy the conservation of 
momentum. The Lippmann-Young equation can be used as a boundary condition to define the contact angle 
at the liquid-liquid interface. With this boundary condition, the Navier-Stokes equation simulates the interface 
shape. However, to resolve the interface and flow, the simulation may require long computational time at 
higher cost.  
6.2 Two-dimensional Simulation Model 
In this chapter, a two-dimensional model using the Laminar Two-phase Flow Moving Mesh (LTPFMM) 
module of COMSOL Multiphysics software is initially used to simulate electrowetting. The CFD module of 
COMSOL solves the Navier-Stokes equations, to resolve the fluid motion in the electrowetting cell. According 
to the initial design concept (as presented in Chapter 1), the electrowetting cell is filled with two immiscible 
liquids—water and oil. The liquids in this simulation model are considered to be incompressible and 
Newtonian, and the flow is laminar. Also, it is assumed that there is no heat flow vector in the liquids.  
With these assumptions, the mass and momentum equations of the simulation model are: 
( ) . 0∇ =u                                                                   (6.1) 
( ) 1 1 eu) uu  T Fρ ρ
∂
+∇ = ∇ + ∇ + +
∂
g(  . p .
t
                                           (6.2)                                  
where u  is the velocity vector, ρ is the density of the liquid, p is the pressure, g is the gravitational 
acceleration, eF  is the external force acting on the system, and T is the total internal stress tensor, which 
accounts for electrothermal effects.  
The LTPFMM module contains the domain-level equations and boundary conditions; it can simulate laminar 
two-phase flow of two immiscible liquids with a moving interface between them. The mesh of the liquid 
domains is deformed due to the movement of the interface. The deformed mesh module tracks the interface 
motion by solving the velocity and pressure field. The software perturbs the mesh nodes so that they conform 
to the moving interface and other boundary conditions. This mesh displacement is propagated through the 
domain to obtain a smooth mesh deformation throughout the domain.  
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In the LTPFMM, the initial undeformed mesh is termed the ‘material frame’ or the ‘reference frame’ and the 
deformed mesh is termed the ‘spatial frame’. The fluid flow equations are solved along with other boundary 
conditions and external forces in the spatial frame, and the mesh is perturbed accordingly. Therefore, the 
movement of the phase boundary plays the vital role in the simulation model.  
There are two possible types of interfaces in the LTPFMM—the External Fluid Interface and the Fluid-Fluid 
Interface. The External Fluid Interface is selected when the outside fluid viscosity is negligible to the internal 
fluid domain. In the Fluid-Fluid Interface, the viscosity of both fluids is considered in the simulation. As two 
immiscible liquids (oil and water) are used in the electrowetting lens and their viscosities are important, Fluid-
Fluid Interface was selected to define the interface between water and oil in this study. At the liquid-solid-
liquid contact line of the fluid-fluid interface, the contact angle is defined by the Lippmann-Young equation 
(1.5). The equations used to simulate the deformation of the Fluid-Fluid Interface are: 
1 2
1 2
1 1
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where 1u  and 2u  are the velocities of fluid 1 and 2 respectively, meshu  is the velocity of the mesh at the 
interface between fluids, in is the normal vector of the interface from the domain of fluid 1, 1τ  and 2τ are the 
stress tensors in domain 1 and 2 respectively, stf is the force due to surface tension, and fM  is the mass flux 
across the interface. In this simulation model, fM = 0.  
The Prescribed Mesh Displacement boundary condition is used in the LTPFMM physics where mesh 
displacement is required to be fixed at a constant value (typically 0). This displacement can be fixed with 
respect to the global coordinate system of the simulation model. The Prescribed Mesh Displacement condition 
is useful to assign a zero-displacement perpendicular to the boundary. Usually, it is applied to the walls where 
there is no movement of the triple-phase (liquid-solid-liquid) contact line of the fluid-fluid interface. In the 
two-dimensional simulation model, the Prescribed Mesh Displacement condition is applied at the top and 
bottom surface of the electrowetting cell (Figure 6-1) with the boundary condition 0dx =  and 0dy = . The 
purpose of this boundary condition is to define the zero displacements of the mesh in the x- and y-direction on 
those surfaces. Similarly, in the three-dimensional simulation model, the Prescribed Mesh Displacement 
condition is applied on the top and bottom surfaces of the cell (as in Figure 6-4d, where 0dx = , 0dy = , and 
0dz = ) to define zero displacement of the mesh in the x-, y-, and z-direction on those surfaces. 
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The Navier-Slip boundary condition is used on the walls in the simulation model where the fluid-fluid interface 
triple-phase contact line moves due to the application of a voltage (Navier-Slip boundaries are shown in Figure 
6-1 and Figure 6-4c). The Navier-Slip condition is used along with Prescribed Mesh Displacement; the Navier-
Slip condition allows movement of the interface along the sidewalls and the Prescribed Mesh Displacement 
restricts movement of the mesh on the other surfaces, such as the top and bottom surfaces of the cell. In the 
simulation, the Navier-Slip boundary uses the slip condition u ⋅ nwall = 0 and adds the frictional force:  
fr
µ
β
= −F u                                                              (6.6) 
where nwall is the unit vector normal to the wall, β is the slip length, µ is viscosity, and u  is the fluid velocity. 
The COMSOL Multiphysics user guide suggests that a default value of / 5hβ = can be used where h is the 
minimum mesh size. The user guide further suggests that an approximation of slip length is sufficient with a 
fine mesh throughout the domain. For this study, the extra fine mesh settings of the COMSOL Multiphysics 
software were used (the minimum mesh size was 1.5 µm) and so the slip length was 0.3 µm.  
In the simulation, the electric field is first calculated using the electrostatic module of the software. With the 
voltage assigned to the electrodes, the simulation of the electric field identifies the voltage potential at the 
contact line of the liquid-liquid interface. The voltage from the electric field simulation module is coupled to 
the LTPFMM module. The contact angle of the liquid-liquid interface with the wall of the electrowetting cell 
is defined by the Lippmann-Young equation (1.5). Given that water is known to have high dielectric 
permittivity (ε r = 80) in comparison to silicone oil (ε r = 2.2), water is the active fluid in the electrowetting 
cell and thus the water interface moves and deforms. With a voltage applied, the polarised molecules of water 
align themselves with the applied electric field and thus exert a force on the contact line and enable contact 
angel modulation. The top silicone oil layer has two purposes: firstly, the higher refractive index of silicone 
oil (around 1.5–1.6) allows higher light beam bending angles and second, the silicone oil functions as a 
protective layer for the water—to prevent evaporation and contamination.  
In the 2D simulation model, a 1 mm × 1 mm area filled with two liquids (water at the bottom and oil at the 
top), shown schematically in Figure 6-1. Figure 6-1a represents the orientation of the liquid-liquid interface 
without any voltage applied to the sidewalls. As in COMSOL (2013) and Khan and Rosengarten (2015), it is 
assumed that the liquid has an initial contact angle of 140° with the hydrophobic sidewalls. Figure 6-1b 
represents the orientation of the liquid-liquid interface after a voltage Vapp is applied to the right sidewall, 
where the change in the liquid-liquid interface is due to the movement of the triple-phase (water-oil-wall) 
contact point.  
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Figure 6-1. Schematic of the two-dimensional simulation model (a) at an initial contact angle without any 
applied voltage and (b) with voltage applied to the right sidewall. 
 
In the simulation model settings, a 3 µm insulating layer is used on the sidewalls with a dielectric constant of 
1.9. The oil viscosity is set at 0.04 Pa-s and the oil-water interfacial tension is set at 0.04 N/m. By varying the 
voltage on the sidewall, the shape of the liquid-liquid interface can be changed. However, no change in contact 
angle has been observed above a certain voltage (the saturation voltage) in several other studies. For example, 
Smith et al (2006) showed a maximum 15° angle deflection of the liquid-liquid interface at a voltage of 70 V 
and Takei et al (2013) found that saturation occurred at 120 Vrms with a maximum tilt angle of 30°. Because 
of this, the voltage applied in this study ranged from 0 V to 100 V. Figure 6-2a presents the result of the 
simulation with a voltage of 100 V applied to the right sidewall. This shows how the liquid-liquid interface 
changes shape with the application of voltage. To define the mesh independence of the model, simulations 
with varying mesh sizes have been carried out. Figure 6-2b plots the displacement of the contact point on right 
wall with 100 V (as in Figure 6-2a) with varying mesh sizes, which proves the mesh independence of the 
model. 
 
 
Figure 6-2. (a) Liquid-liquid interface with a voltage of 100 V applied to the right sidewall and 0 V applied 
to the left sidewall, and (b) mesh independency analysis with varying mesh size. 
120 
 
6.2.1 Effect of Interfacial Tension 
Equation 1.5 in Chapter 1 denotes the effect of interfacial tension on the contact angle change in electrowetting. 
Here, a parametric study with varying interfacial tension is simulated using surface tension values of 0.04, 
0.06, 0.08, and 0.1 N/m. Figure 6-3a shows the variation in the contact angle with these values, with a voltage 
ranging from 0 to 100 V. For these simulations, a 3 µm dielectric layer is considered with a dielectric constant 
of 1.9. The initial contact angle was 140°, as used in the previous two-dimensional simulation model. From 
Figure 6-3a it is evident that by lowering the interfacial tension, the contact angle deflection is increased. With 
a surface tension of 0.1 N/m the change in contact angle is about 21° whereas for the surface tension of 0.04 
N/m the contact angle change is about 47°. Figure 6-3b shows the change in contact angle with a voltage of 
100 V with varying surface tension values. It is evident that the contact angle change can be increased by 
lowering the interfacial surface tension value at any given voltage. For this reason, lower interfacial tension 
liquids should be selected for designing electrowetting devices. It should be noted that the interfacial tension 
can be reduced by adding surfactant. For example, in Cheng et al (2013), 1 wt % of the ionic surfactant sodium 
dodecyl sulphate (SDS) was added to water, which reduced the interfacial tension from 73 mN/m to 8.6 mN/m.  
  
(a) (b) 
 
Figure 6-3. (a) Contact angle change at different applied voltages with varying interfacial tension and (b) 
contact angle change at different surface tensions with an applied voltage of 100 V.  
 
6.3  Three-dimensional Simulation Model 
As presented in Chapter 1, Figure 1-7 and Figure 1-8 shows the initial design concept for using electrowetting 
lenses for solar energy beam steering applications, for which this study develops a three-dimensional model. 
In the initial design concept, each hexagonal cell is filled with two liquids—water and silicone oil. With an 
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applied voltage, the contact angle of liquid-liquid interface changes. In each unit cell, light changes path due 
to the difference in the refractive index of the liquids and sunlight can be steered by varying the interface 
contact angle. The objective of the simulation modelling described below is to characterise the three-
dimensional interface deflection when a voltage is applied to the hexagonal cell. The model uses similar 
physics and boundary conditions to a two-dimensional simulation model.  
Figure 6-4 shows the boundary conditions of the three-dimensional simulation model in which the initial 
contact angle is 140°; liquid-liquid interface tension is 0.05 N/m; the dielectric layer thickness is 3 µm; and 
the dielectric constant is 2.65. Figure 6-4a shows the liquid-liquid interface with water at the bottom and liquid 
oil at the top. In the simulation model, 120 V is applied to the liquid-solid-liquid interface contact line on one 
vertical face of the hexagonal cell and 0 V is applied to the liquid-solid-liquid interface contact line on the 
opposite vertical face of the cell (as shown in Figure 6-4b). The Navier-Slip wall condition is applied to the 
six sidewalls and the prescribed mesh displacement is applied to the top and bottom surfaces of the cell (as 
shown in Figure 6-4c and Figure 6-4d respectively). Figure 6-5 shows the deflection of the liquid-liquid 
interface of the water layer with the application of the voltages and with all other boundary conditions as 
described above. 
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(a) (b) 
  
(c) (d) 
 
Figure 6-4. Boundary conditions of the simulation model: (a) liquid-liquid interface between oil and water, 
(b) voltage applied to the liquid-solid-liquid contact line, (c) Navier-Slip applied to sidewalls, and (d) 
Prescribed Mesh Displacement boundary condition applied to the top and bottom surfaces of the hexagonal 
cell.
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Figure 6-5. Simulated bottom liquid layer (water) interface with all boundary conditions and applied 
voltages. 
 
6.4 Simulation Model Validation 
To validate the three-dimensional simulation model, the results were first compared with those of an 
electrowetting cell fabricated by Cheng et al (2013). Cheng et al (2013) experimentally investigated the 
possibility of using electrowetting lenses for solar energy steering and concentration. For validation, the 
simulation model described in this chapter replicated the cell geometry used by Cheng et al (2013), which is 
10 mm × 10 mm × 18 mm. In Cheng et al (2013), the cell was filled with two immiscible liquids (water and 
silicone oil), and Parylene C (with a dielectric constant = 2.85) was used as the dielectric material. In one of 
their experiments, Cheng et al (2013) applied 21 V to both sidewalls of a rectangular electrowetting cell, which 
resulted in a flat, horizontal liquid-liquid interface (Figure 6-6a). However, some of parameters of their 
physical model (such as silicone oil dynamic viscosity, density, and dielectric constant, and silicone oil-water 
interfacial tension) are not specified. For this reason, the simulation used here assumed a silicone oil dynamic 
viscosity of 0.048 Pa-s (similar to the silicon oil product [Clearco Co.] used by Cheng et al (2013)), a dielectric 
constant of 2.2, and an oil-water interfacial tension of 0.008 N/m. Similarly, the simulation model used the 
same initial contact angle of 168° and a dielectric layer thickness of 1.1 µm as used by Cheng et al (2013).  
Table 6-1 represents the experimental data of Cheng et al (2013) and the simulation parameters used in the 
model described here.  
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Table 6-1. Experimental parameters used by Cheng et al (2013) in comparison with those adopted in this 
study. 
Parameters  Experimental Data (Cheng et al 2013) Simulation (this study)                  
Cell size 18 × 10 mm 18 × 10 mm 
Dielectric constant of 
dielectric material 
2.8 2.8 
Dielectric material 
thickness 
1.1 µm 1.1 µm 
Interfacial surface tension No measured value specified 8 mN/m2 
 
 
Figure 6-6b–c shows the result of the simulation model. It is evident that the simulation predicted very similar 
contact angles to those produced experimentally by Cheng et al (2013). As shown in Figure 6-6b, at the mid-
plane location, the simulation model predicted an almost flat interface with a 100° on both vertical sidewalls. 
As shown in Figure 6-6c, at the front plane location the interface is almost flat, forming a 94° with both vertical 
sidewalls.  
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(a) 
 
(b) 
 
(c) 
 
Figure 6-6. (a) Experimental results of the electrowetting lens of Cheng et al (2013), (b) 3D and 2D mid-
plane views of the bottom water layer in the simulation model, and (c) 3D and 2D front plane views of the 
bottom water layer in the simulation model.  
 
For further validation, a rectangular electrowetting cell was fabricated and tested as shown in  
Figure 6-7a. A 4 mm × 4 mm × 10 mm electrowetting cell was constructed using four pieces of glass glued 
together. The sidewall of the cell was coated with 100 nm transparent ITO electrodes, then with a 100 nm of 
Al2O3 dielectric layer, and finally with 100 nm of Cytop. The deposition process of these materials is similar 
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to that explained in Chapter 5. In the electrowetting experiment, 13 V was applied to the left sidewall and 26 
V was applied to the right sidewall. The initial contact angle of the liquid-liquid interface on side wall was 
164°. Figure 6-7b shows the electrowetting experiment result of the fabricated cell in this study. As shown in 
Figure 6-7b, for these voltages the contact angle was 143° and 105° respectively on left and right sidewall. 
Figure 6-7c shows the simulation result for the deformation of the interface of the bottom water layer. The 
simulation was conducted using the same size, material parameters, and applied voltages as for the fabricated 
rectangular electrowetting cell in this research study. Other boundary conditions (such as the Prescribed Mesh 
Displacement, Navier-Slip, and fluid-fluid interface) were similar to those used in the two-dimensional and 
three-dimensional simulation models described in previous sections. As shown in the Figure 6-7b–c, the 
simulation model produced interface modulation similar to the experiment, differing by just 1° on both the left 
and right sidewalls.   
 
(a) 
 
 
 
 
(b) (c) 
 
Figure 6-7. (a) Front view geometry of the rectangular cell, (b) electrowetting result with 26 V applied to the 
right electrode and 13 V applied to the left electrode, and (c) simulation result for the bottom water layer 
showing the interface change with 26 V applied to right electrode and 13 V applied to the left electrode.  
 
  
13 V 
26 V 
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Comparing the esults from the simulation model developed for this study and the experimental results obtained 
by Cheng et al (2013) and rectangular electrowetting cell fabricated in this study, it is evident that the two-
dimensional and three-dimensional simulation models can be used to predict the shape of the liquid-liquid 
interface of an electrowetting liquid lens. 
 
6.5  Parametric Study 
6.5.1 Size of Electrowetting Cell  
It is important to identify the appropriate size of the unit cell for solar energy applications. Larger cell sizes 
increase the fill factor (the ratio of effective cell area to the area of a cell including sidewall structures); 
however, larger cell size also increases solar energy absorption due to the increased cell height. In addition, 
with increased cell size, gravitational force affects the interface shape. With small cell sizes the gravitational 
effect is negligible, which allows higher interface deflection. To illustrate the gravitational effect, the following 
models were simulated with different cell sizes: one with a cell size of 18 mm × 10 mm (Figure 6-8a) and one 
with a cell size of 1.8 mm × 1.0 mm (or 1800 µm × 1000 µm as shown in Figure 6-8b). For the smaller cell 
size, the interface had a steeper angle in comparison to the larger cell size, in which the gravitational effect 
reduced the angle at the middle of the interface.  
 
(a) (b) 
 
Figure 6-8. Liquid-liquid interface behaviour with different cell sizes where (a) cell size is 18 × 10 mm and 
(b) cell size is 1.8 × 1.0 mm. 
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6.5.2 Variation of the Side Electrode Face Voltage 
A flat and tilted interface in an electrowetting cell is required to direct the incident light at an angle. However, 
this is not the case when the application requires the concentration of refracted light at the bottom of the cell. 
As shown in Figure 6-5, the interface rises on the higher voltage face, and it is a curved surface rather than 
being flat. This curved shape can concentrate light at one point (at the bottom of the cell) instead of being 
deflected in one direction. To determine what conditions create a flat surface, a parametric study was carried 
out by varying the voltage of side electrodes.  
As shown in Figure 6-9, a voltage of 120 V (V1) was applied to two adjacent faces and a voltage of 0 V (V2) 
was applied to the opposite two adjacent faces of the hexagonal cell. V1 and V2 were kept constant but the 
voltage applied to the remaining sides (V3) was varied as 0 V, 60 V, and 100 V. Figure 6-10a–f shows the 
three-dimensional model and mid-section plane, and Figure 6-11a–f shows the longitudinal section plane, after 
application of these voltages at the interface contact line. Figure 6-10g and Figure 6-11g show the mid-section 
interface profile and longitudinal section interface profile respectively when voltage V3 were varied. By 
increasing the side electrode voltage V3, the simulation produced a comparatively flat and tilted surface. 
 
Figure 6-9. Voltages applied to the liquid-liquid interface contact line at the sidewalls. 
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Figure 6-10. Variation of side voltage V3 to achieve a flat and tilted liquid-liquid interface in a hexagonal 
electrowetting cell: (a–b) three-dimensional simulation and mid-plane where V1= 120 V, V2 = 0 V, and V3 
= 0 V, (c–d) three-dimensional simulation and mid-plane where V1= 120 V, V2 = 0 V, and V3 = 60 V, (e–f) 
  
(a) (b) 
  
(c) (d) 
  
(e) (f) 
 
(g) 
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three-dimensional simulation and mid-plane where V1= 120 V, V2 = 0 V, and V3 = 100 V and (g) liquid-
liquid interface profiles of the mid-plane where V3 = 0 V , 60 V and 100 V.  
 
  
(a) (b) 
  
(c) (d) 
  
(e) (f) 
 
(g) 
 
Figure 6-11. Variation of side voltage V3 to achieve a flat and tilted liquid-liquid interface in a hexagonal 
electrowetting cell: (a–b) three-dimensional simulation and longitudinal plane where V1= 120 V, V2 = 0 V, 
131 
 
and V3 = 0 V, (c–d) three-dimensional simulation and longitudinal plane where V1= 120 V, V2 = 0 V, and 
V3 = 60 V, (e–f) three-dimensional simulation and longitudinal plane where V1= 120 V, V2 = 0 V, and V3 = 
100 V and (g) liquid-liquid interface profiles of the longitudinal plane where V3 = 0 V , 60 V and 100 V. 
6.5.3 Effect of Dielectric Constant 
From the Lippmann-Young equation (1.5) it is evident that by increasing the dielectric constant, the deflection 
angle of the interface can be increased for a given applied voltage. To identify how the liquid-liquid interface 
behaves with an increasing dielectric constant, simulations were carried out with dielectric  constant (epsr) 
ranging from 2 to 8. Figure 6-12 represents the voltages used in the simulation model, applied at the liquid-
liquid interface on sidewalls. For varying dielectric constants, Figure 6-13a–h represents the three-dimensional 
simulation model and the mid-section plane of the liquid water at the bottom and Figure 6-14a–h shows the 
longitudinal section plane. Figure 6-13i shows the interface profiles at the mid-section plane, and Figure 6-14i 
shows the interface profiles at the longitudinal plane. It was evident that with an increasing dielectric constant 
the interface deflection not only increased but also formed a flat and tilted surface; with a dielectric constant 
of 2, the interface deflected and formed a tilted and curved shape, whereas the interface deflected as a flat 
surface when the dielectric constant was 8.  
This parametric study of dielectric constants proves the necessity of selecting a material with a higher dielectric 
constant for electrowetting cells when a flat and tilted interface is required. In addition, higher dielectric 
constant materials reduce the need for high voltage application to make a steeper liquid-liquid interface. For 
materials with a higher dielectric constant, the electric field concentrates more at the triple-phase (liquid-solid-
liquid) contact line. The increased electric field concentration generates an increased electromotive force, 
which exerts a strong outward pulling force at the contact line of the liquid-liquid interface against the inner 
liquid-solid interfacial tension. Because of this, a more tilted and flat liquid-liquid interface forms in an 
electrowetting cell for materials with a higher dielectric constant.     
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Figure 6-12. Voltages applied at the interface contact line with cell sidewalls for the parametric study of 
different dielectric constants. 
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(i) 
 
Figure 6-13. Change in the liquid-liquid interface shape and mid-plane interface with an increasing dielectric 
constant: (a–b) epsr = 2, (c–d) epsr = 4, (e–f) epsr = 6, (g–h) epsr = 8, and (i) mid-plane liquid-liquid 
interface profiles for three-dimensional simulation models with a varying dielectric constant.  
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(i) 
 
Figure 6-14. Change in the liquid-liquid interface shape and longitudinal corner plane interface with an 
increasing dielectric constant: (a–b) epsr = 2, (c–d) epsr = 4, (e–f) epsr = 6, (g–h) epsr = 8, and (i) 
longitudinal corner plane liquid-liquid interface profiles for three-dimensional simulation models with a 
varying dielectric constant.  
 
6.6 Conclusion 
The simulation model described in this chapter has facilitated the investigation of electrowetting lens shape 
with varying parameters such as dielectric constant, geometrical size, and voltage orientation. The electrostatic 
simulation provided information about the location and shape of the electrodes required to maximise deflection 
of the interface. The LTPFMM derives the shape of the liquid lens by coupling this with the electric field. The 
flexibility to conduct parametric studies with this simulation model reduces the need for complex trial and 
error fabrication processes as used to identify the appropriate components of electrowetting lenses.   
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Chapter 7 Experimental 
Investigation 
 
Previous chapters have thoroughly reviewed theories of electrowetting, identified the fabrication process of 
beam steering electrowetting devices and investigated the selection and deposition method of the dielectric 
layer and dynamic behaviour of a ground electrode in electrowetting. Additionally, a simulation model to 
predict the deformation of the liquid-liquid interface was formulated and verified. Considering the analyses 
and findings presented in previous chapters, this chapter describes the experiments conducted and the design 
development of a two-axis beam steering electrowetting device.    
The initial design concept consisted of a thin array of hexagonal cells, as illustrated in Chapter 1, Figure 1-7. 
The proposed hexagonal cell array is thin (in the mm range) to reduce absorption of solar light when the light 
passes through the cells. In application, the cell array will be placed on top of CPV cells or a Fresnel lens to 
steer the sunlight and facilitate a mechanical tracking device free solar energy steering and concentration (see 
Chapter 1, Figure 1-8). Each hexagonal cell (see Chapter 1, Figure 1-7) contains two immiscible liquids – 
bottom liquid water and top liquid silicone oil. The electrodes for deforming the liquid-liquid interface are 
located at the bottom plane in each cell, which is covered by the dielectric layer. In the initial design concept, 
the triple-phase contact line of the liquid-liquid interface was positioned on the sidewall, and the initial 
assumption was that when applying the voltage to the bottom electrodes, the interface would deform. When 
light passes through the deform liquid-liquid interface, it changes its path and, therefore, the steering of light 
is achieved by varying the voltage applied to the bottom electrodes. The primary objective of this design is to 
facilitate an easy deposition method of electrodes and the dielectric layer because rather than depositing 
electrodes and dielectric layers on the sidewall of the liquid cell, it can be much easier to pattern and deposit 
the electrodes on a horizontal plane.  
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7.1 The Fabrication Process of the Initial Design Concept 
Chapter 3 presents a thorough review of the fabrication process used in recent studies for beam steering 
electrowetting devices. As noted in Chapter 3, the components of a beam steering electrowetting cell are the 
base structure, sidewall structure of the cell, electrodes and dielectric and hydrophobic layers and liquids. The 
glass substrate was used as the base structure of the cell for the proof of concept device. Success of the beam 
steering device depends on the deflection of the liquid-liquid interface. Although the design concept consisted 
of a thin cell array, the aim was to fabricate the proof of concept device of 3.5 × 3.5 mm to visualise the 
deflection of the interface easily. Another rationale for the proof of concept device’s size was to ease the dosing 
of liquids in the cell. 
Figure 7-1 presents the fabrication process flow for constructing the proof of concept device. The most critical 
steps are the patterning of the electrodes and deposition of the dielectric layer. For a beam steering 
electrowetting device, the electrodes must be transparent to enable the transmission of solar energy. The study 
used Indium-Tin-Oxide (ITO) as the electrode and SiO2 as the dielectric layer to facilitate the transmission of 
solar energy. As illustrated in Figure 7-1, another important step in the fabrication process is to fabricate the 
sidewall structure of the cell separately. The sidewall structure is later placed on top of the electrode and 
dielectric layers to form the enclosed cell structure. In this study, Polydimethylsiloxane (PDMS) was selected 
for constructing the sidewall structure of the initial proof of concept device because PDMS is a transparent 
polymer, which enables the visualisation of the liquid-liquid interface deformation and steering of the light 
beam through the cell’s sidewalls. After constructing the bottom electrode pattern, a dielectric layer on top of 
the glass substrate and the PDMS sidewall structure, the fabrication process involves aligning and joining the 
PDMS hexagonal cell structure on top of the bottom dielectric and electrode patterns. After that, the fabrication 
process consists of dosing the cell with water and silicone oil. The final step is to capture the images of the 
liquid-liquid interface modulation with varying voltages applied.  
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Figure 7-1. The fabrication process flow. 
7.1.1 ITO Electrode Pattern  
A pattern of electrodes for two cells was devised to test the proof of concept device, as illustrated in Figure 
7-2. Here, two cells were designed to conduct multiple experiments for the evaluation of the deflection of the 
liquid-liquid interface. Each hexagonal cell contained six electrodes to enable two-axis tracking. From each 
electrode, the conducting ITO line comes out from the cell, and an outside connection point is made to connect 
the electrode to the external voltage supply. A chrome layer was also designed to allow identification of each 
cell’s boundary and the electrode connection end (Figure 7-2) as the ITO is transparent.  
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Figure 7-2. Electrode layout of cell-1 and cell-2 and the chrome boundary.  
 
Figure 7-3 depicts the fabrication process for depositing the electrodes and the dielectric layer. AZ1512 HS 
positive photoresist was patterned using a photolithography process to deposit the electrodes. Figure 7-4 shows 
the instruments used in this photolithography and deposition process. First, the photoresist was spin coated at 
3000 rpm on top of the glass substrate using the spin coater, as illustrated in Figure 7-4a. Then, the photoresist 
layer was soft baked at 100 °C for 50 s, and the photoresist layer was exposed to ultraviolet (UV) light for 10 
s using the mask aligner (Figure 7-4b) to make the photoresist pattern and deposit the ITO. After developing 
the photoresist pattern, the sample was placed in an e-beam deposition machine (Figure 7-4c) to deposit 100 
nm of ITO layer. After deposition of the ITO layer, the photoresist was lifted to produce the pattern of ITO by 
submerging the sample in a bath of acetone for 10 min. Figure 7-4d shows the patterned ITO layer placed on 
top of the hot plate to dehydrate the layer for the next step.  
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Figure 7-3 The photolithography and deposition process.  
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Figure 7-4. Equipment used in the fabrication process, (a) spin coater, (b) mask aligner, (c) e-beam 
deposition machine and (d) ITO-developed pattern on the hot plate.  
Figure 7-5a depicts the developed pattern of photoresist to deposit ITO electrodes. Figure 7-5b shows the ITO 
pattern after e-beam deposition and photoresist lift-off on a glass substrate. Figure 7-5c illustrates the 
dimensions of the hexagonal cell and electrodes pattern. Figure 7-5c shows that the corner-to-corner width of 
the cell was 4 mm. A 0.1 mm spacing gap was provided between the electrodes and the sidewall of the 
hexagonal cell. Also, the spacing in between the electrodes was 0.1 mm. Note that the ground electrode was 
not patterned in this design, in accordance with the initial design concept presented in Figure 1-7. Rather, this 
study included the decision to insert an external wire to the cell as a ground electrode to avoid the complexity 
of the fabrication process and experimental works. Figure 7-5d depicts the magnified view of the patterned 
electrodes in the cell.  
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Figure 7-5. Electrode pattern development, (a) pattern of positive photoresist AZ 1512HS, (b) pattern ITO 
after the e-beam deposition and photoresist lift-off process on a glass substrate, (c) dimensions of the cell 
showing cell size and gaps between the electrodes and cell sidewalls and (d) magnified view of the cell 
depicting all six electrodes. 
7.1.2 Chrome Boundary Layer 
As previously noted, the main objective of selecting ITO was to construct a transparent electrode layer. Thus, 
a thin chrome layer was designed to identify the cell’s boundary (Figure 7-2) to avoid issues associated with 
being unable to adequately see the electrode during alignment and testing. A negative photoresist SU8 2000.5 
(a high-contrast epoxy-based negative photoresist) was used to pattern the chrome layer in this study. The SU8 
2000.5 layer was first spin coated at 3000 rpm and then soft baked for 1 min at 95 °C. The pattern to deposit 
the chrome was then developed by exposing the spin coated SU8 layer to the mask aligner’s UV light for 10 s 
and developing it in the SU8 developer. After that, the chrome layer was deposited by the e-beam deposition 
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machine. The sample was placed in a SU8 remover Microchem PG bath at 60 °C to lift-off the SU8 photoresist 
on top of the electrode pattern.  
Figure 7-6 depicts the chrome layer defining the boundary between the two cells. The chrome layer was also 
placed at the end of each electrode’s connection end.  
 
Figure 7-6. Chrome boundary around the cells, (a) cell-1 and (b) cell-2. 
 
7.1.3 PDMS Side Wall Structure 
A mould was produced using a 10 mm thick aluminium metal plate to fabricate the PDMS sidewall structure. 
Figure 7-7a-b shows the mould’s design. Two small hexagonal columns were fabricated to construct the 
sidewall structure of two cells. As illustrated in Figure 7-7b, a corner tail end was provided to lift-off the PDMS 
block from the mould. The Dow Corning’s Sylgard 184 elastomer kit was used to produce the PDMS block. 
The solution was made with 10:1 base to curing agent ratio. The mixture was placed in the aluminium mould 
and left overnight on a flat surface to cure at room temperature. After that, the PDMS block (Figure 7-7c-d) 
was slowly lifted-off by pulling the corner tail end of the PDMS block from the metal mould.    
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Figure 7-7. PDMS cell structure design.  
 
Before being placed on top of the patterned sample, the PDMS block was plasma treated to enhance its 
adhesion with the dielectric surface of the patterned electrode sample. After that, the PDMS block was 
carefully aligned on top of the electrode pattern by using a microscope and micromanipulator. Because of the 
plasma treatment, the PDMS block easily bonded with the patterned glass sample. Figure 7-8 shows the PDMS 
sidewall structure placed on top of the electrode pattern. 
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Figure 7-8. PDMS block on the electrode pattern.  
 
7.2 Electrowetting Experiment of the Initial Design Concept 
After constructing different components of the electrowetting cell, the next step was to conduct the 
electrowetting experiment. To that end, the cell was first dosed with water and then silicone oil by micropipette, 
as illustrated in Figure 7-9.  
 
 
Figure 7-9. Dosing the cell. 
 
After dosing the cell, the next step was to supply voltage to the electrodes. Conductive copper tapes were used 
to connect the electrodes to an external voltage supply, as shown in Figure 7-10. A potentiometer box was 
designed and constructed to supply voltage to six electrodes independently, as illustrated in Figure 7-11.  
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Figure 7-10. Voltage supply to electrodes through contact pads.   
 
 
Figure 7-11. (a) The custom-made potentiometer built to supply voltage to the six electrodes and (b) a circuit 
diagram of the potentiometer unit.  
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After completing the procedures described above, a copper wire was inserted into the cell as a ground electrode. 
Gradually, the voltage was increased to 60 V on two of the six electrodes. When the voltage was increased 
gradually from zero to 60 V, no contact angle change was observed at the liquid-liquid interface. Instead of 
any contact angle change, dielectric layer breakdown occurred, and bubbles formed inside the water drop, as 
illustrated in Figure 7-12. A similar electrowetting experiment was also conducted with cell-2, which resulted 
in the same breakdown of the dielectric layer with no contact angle change.  
 
 
Figure 7-12 Breakdown of the dielectric layer and bubble formation in the liquids. 
 
7.3 Investigation of the Dielectric Layer Breakdown  
The bubble formation in the electrowetting experiment, as described in section 7.2, may have resulted for two 
reasons. First, the breakdown of the dielectric materials and second, the electrode configuration of the initial 
design concept.  
Scanning electron microscopy (SEM) imaging was performed on the damaged dielectric layer to investigate 
its breakdown. Figure 7-13 shows the SEM images of the dielectric layer on top of the electrodes pattern before 
and after the application of the voltage in the electrowetting experiment to test the initial design concept. Figure 
7-13a presents the top-view image of the six electrodes pattern of a cell covered with the dielectric layer. Figure 
7-13b shows the image of the damaged dielectric layer on top of the electrodes. In this experiment, voltages 
were increased at electrodes A and F, whereas electrodes C and D were kept at zero voltage. As illustrated in 
Figure 7-13b, the SiO2 dielectric layer was mostly lifted-off from electrodes A and F, and partly lifted-off from 
electrodes C and D. Figure 7-13c shows a closer view of the SiO2-lifted-off areas. 
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Figure 7-13. SEM images (a) SiO2 coated six-patterned ITO before the voltage application, (b) damaged 
SiO2 layer after voltage application; voltage was applied to electrodes A, F and electrode C, D were kept at 0 
V and (c) SiO2-lifted-off areas.  
 
These SEM images demonstrate that the e-beam deposited SiO2 layer is not a suitable dielectric layer for this 
application. Chapter 4 presents a thorough investigation of the SiO2 layer to identify the deposition methods 
for eliminating the breakdown of the dielectric layer; however, the above experiment was conducted before 
that dielectric layer deposition method study. As noted in Chapter 4, there were micrometre size pinholes and 
defects in the e-beam-deposited SiO2, which may assist breakdown at small voltages. Instead of an e-beam 
deposition process, sputtering process is more suitable for depositing inorganic dielectric materials. Moreover, 
only a single layer of dielectric was used, which could not prevent dielectric layer breakdown at high voltages. 
As discussed in Chapter 3 and 4, a second layer of organic dielectric layer material on top of an inorganic 
dielectric layer may prevent the breakdown of the dielectric layers.   
Based on the discussion in Chapter 3 and Chapter 4 and the experimental results of the initial design concept, 
the conclusions regarding the dielectric layer are as follows: 
 Single-layer, inorganic dielectric material is not reliable for electrowetting systems. 
 A double-layer dielectric system is necessary for preventing dielectric breakage.  
 Sputtering is more suitable than the electron beam evaporation technique.  
 For a two-layer dielectric system, base layer in-organic and top layer organic could be more reliable. 
After the dielectric layer breakdown analysis, the subsequent investigation reviewed the initial design 
concept, which is presented in section 7.4.  
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7.4 Review of the initial design concept 
In the initial design concept, the electrodes and dielectric layers were patterned on a bottom glass substrate, 
and the triple-phase contact line of the liquid-liquid interface was located on the sidewall. However, during 
experiments of the initial design structure, no change of contact angle was observed. A uniform non-patterned 
single layer and reliable dielectric material was tested to further investigate this finding. Figure 7-14a shows a 
schematic of the electrowetting cell design for this experimental purpose. A single 20 µm-thick polyethylene 
layer was used to cover the non-pattern ITO electrode on top of the glass substrate. Then, a hexagonal PDMS 
block was placed on top of the dielectric layer and these elements are joined together. Half of the cell was then 
dosed with water, and the remaining cell volume was opened to air. Figure 7-14b presents the experimental 
outcome of 120 V being applied to the bottom electrode. No change of contact angle of the water-air interface 
occurred, even for this high voltage of 120 V.  
 
Figure 7-14. A hexagonal cell with a triple-phase contact line on the sidewall, (a) geometry of the design and 
(b) experimental outcome with 120 V applied to the bottom electrode, no change of liquid interface 
observed. 
 
Next, to observe the outcome of the triple-phase contact line of the interface being kept on top of the bottom 
dielectric-electrode layer, the cell was first dosed with silicone oil, and then water was injected at the bottom 
of the cell. This procedure created a thin silicone oil layer on the sidewall and, therefore, the triple-phase 
contact line was at the bottom dielectric-electrode layer, as illustrated in Figure 7-15a. When the voltage was 
applied to the cell, the water drop spread in the cell and occupied almost half of the cell at 120 V, as shown in 
Figure 7-15b.  
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Figure 7-15. A hexagonal cell with a triple-phase contact line on top of the bottom dielectric layer-electrode 
(a) at 0 V and (b) at 120 V. 
 
These experimental findings (as presented in Figure 7-14 and Figure 7-15) demonstrate that the change in 
contact angle of the interface only occurred if the triple-phase contact line of the interface was on the dielectric-
electrode layer. Thus, a simulation of the electric field of the experiment’s setup depicted in Figure 7-14 and 
Figure 7-15 was conducted to understand these experimental outcomes. The simulation result is presented in 
Figure 7-16. The experimental setup shown in Figure 7-14 was replicated in a simulation, as depicted in Figure 
7-16a, and the experimental setup shown in Figure 7-15 was replicated in a simulation, as illustrated in Figure 
7-16b. In Figure 7-16a simulation geometry, the liquid-liquid interface is on the sidewall, whereas, in Figure 
7-16b simulation geometry, the liquid-liquid interface is on top of the bottom dielectric-electrode layers. Figure 
7-16a reveals that there was no electric field concentration at the triple-phase contact point on the sidewall. 
However, the electric field was concentrated at the triple-phase contact point on the bottom dielectric layer, as 
depicted in Figure 7-16b.  
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(a) 
 
(b) 
 
Figure 7-16. Electric field simulation according to the electromechanical approach (as described in Chapter 2 
and Chapter 5) of electrowetting (Using COMSOL software), (a) geometry of figure 7-14 with the triple-
phase contact line on the sidewall and (b) geometry of figure 7-15 with the triple-phase contact line on top of 
the bottom dielectric-electrode layer. 
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It is essential to plot the electric field magnitude along the sidewall of the simulation geometry of Figure 7-16a 
and the bottom dielectric surface of the simulation geometry of Figure 7-16b to further justify the experimental 
results. Figure 7-17 represents the arc line of these surfaces in both geometries, and Figure 7-18 presents the 
electric field magnitude plot along the arc lines presented in Figure 7-17. The purpose of these plots is to 
identify how the electric field was concentrated at the triple-phase contact point of the liquid-liquid interface. 
As illustrated in Figure 7-18 regarding the liquid-liquid interface on the sidewall geometry along the arc line 
(of Figure 7-17a), there was almost no electric field magnitude at the contact point of the interface on the 
sidewall. Whereas, there was a jump of electric field magnitude at the contact point of the liquid-liquid 
interface on the bottom dielectric layer, along the arc line of Figure 7-17b. 
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(a) 
 
(b) 
 
Figure 7-17. Arc line for the electric field magnitude plot, (a) liquid-liquid interface simulation geometry on 
the sidewall and (b) liquid-liquid interface simulation geometry on top of the bottom dielectric surface.  
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Figure 7-18. Electric field magnitude of the arc lines plotted in Figure 7-17.  
 
These experimental and simulation results are congruent with the electromechanical approach of 
electrowetting described in Chapter 2 and Chapter 5, which states that electrowetting occurs at the triple-phase 
contact point due to electric field concentration only. However, the classical thermodynamics and energy 
minimisation approach of electrowetting does not explain this experimental outcome because they do not 
provide the correlation of electrowetting with electric field concentration. This experimental and simulation 
study demonstrates that the electromechanical approach can be used to design an electrowetting cell with 
different orientations of the liquid-liquid interface and electrode positions. From these experimental and 
simulation analyses, the study concludes that: 
1. The beam steering electrowetting device can be fabricated if the triple-phase contact line of the 
liquid-liquid interface sits on top of the dielectric-electrode layer. 
2. The electromechanical approach of electrowetting is more effective in investigating the liquid-liquid 
interface modulation with applied voltage as it more correctly simulates the electric field 
concentration.     
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7.5 Electrowetting Experiment and Interface Deflection with an Updated Design 
Model 
The analysis presented in the previous section demonstrates that the interface’s triple-phase contact line must 
be on top of the dielectric-hydrophobic-electrode layers to achieve a change of interfacial contact angle. In 
respect to this finding, the final design decision of the two-axis beam steering device was to pattern the 
electrodes and dielectric-hydrophobic layers on the sidewalls. The updated, final design is presented in Figure 
7-19a. According to the findings presented in previous sections, a two-layer dielectric material was considered 
in this updated design to prevent breakdown at low voltages. Previously, Chapter 4 presented the deposition 
method to construct a reliable SiO2 dielectric layer by sputter deposition process. One of the main process 
criteria of that sputter deposition was to place the SiO2 source and substrate at a distance of 4 cm inside the 
deposition chamber. The sputter machine had the provision to adjust this height. That distance in between the 
source material and substrate in deposition chamber produced a uniform SiO2 layer which was further 
improved by annealing process. However, at this stage of this research study, the machine was non-operational, 
and was unable to do deposition. Due to that, inorganic dielectric Al2O3 was chosen as the first layer and 
fluoropolymer Cytop was selected as the second dielectric-hydrophobic layer in this updated design. Al2O3 
also has high optical transmission as shown in Figure 4-2. A glass slide was first coated with 4 mm wide strips 
of 100 nm thick ITO pattern to construct the six sidewalls of the hexagonal cell with all the layers, as shown 
in Figure 7-19b-c. Then, a 100 nm Al2O3 layer was deposited on top of the ITO pattern by the atomic layer 
deposition (ALD) process. A 300 nm layer of Cytop was then deposited by spin coating, and the glass slide 
was cut along the cut lines, as illustrated in Figure 7-19c, to make 4.5 × 25 mm cut pieces. Then, the cut pieces 
were placed in a 3D-printed mould (Figure 7-19d) to join the edges using an adhesive. After joining the edges, 
the bottom of the hexagonal cell structure was sealed using a glass slide to create a leak-free container.  
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Figure 7-19. The fabrication process, (a) according to the new design concept, (b) sequence of depositing 
different layers, (c) different layers on a glass slide and cut lines to produce sidewall glass pieces and (d) six 
coated glass pieces placed in a 3D-printed mould to join the edges and form the sidewall. 
 
After completing these procedures, each glass face ITO layer was connected to the external voltage supply 
unit using adhesive, conductive copper tape. Next, the cell was dosed with water and then silicone oil.  
Figure 7-20 depicts the silicone oil-water interface without the application of external voltage. The right side 
of the figure shows the view orientation to the cell; note that the initial contact angle was 164°.  
 
Figure 7-20. The hexagonal cell structure with an initial contact angle of 164° with 0 V on all six electrode 
faces. 
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7.5.1 Liquid-Liquid Interface Deformation with Voltage Application to a Single Electrode Face of 
the Hexagonal Cell 
The objective of this experiment was to investigate how the interface changes when the voltage is applied to 
only one electrode face, and the opposite electrode face is maintained at 0 V, of the hexagonal cell sidewall. 
The experimental results are presented in Figure 7-21. As shown at the bottom of each image in Figure 7-21, 
the view was directed through the two sidewall electrode faces of the hexagonal cell where no voltage was 
applied. Figure 7-21a depicts the hexagonal cell with the initial contact angle of 164° at 0 V. As shown in 
Figure 7-21b, the contact angle changed to 130° when 22 V was applied to the left electrode face. Thus, a 34° 
contact angle change was observed with the application of 22 V. The contact angle changed to 120° when 26 
V was applied, as illustrated in Figure 7-21c. For this cell, the maximum applied voltage was 26 V, beyond 
which the dielectric breakdown occurred. Therefore, in this experiment, a maximum contact angle change of 
44° was observed with the application of 26 V to one of the electrode faces of the hexagonal cell.  
 
 
Figure 7-21. The voltage applied to only one electrode face of the hexagonal cell, (a) no applied voltage, (b) 
contact angle change on the left electrode face with an applied voltage of 22 V and (c) contact angle change 
on the left electrode face with an applied voltage of 26 V.  
 
These experimental results were compared with the three-dimensional simulation model outcome presented in 
the previous chapter. The simulation used the Lippmann-Young equation (1.5) of electrowetting to derive the 
liquid-liquid interface’s contact angle change. Other simulation parameters and boundary conditions are 
presented in the three-dimensional simulation model section in Chapter 6. Figure 7-22 presents the simulation 
result with 22 V applied, and  
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Figure 7-23 presents the simulation result with 26 V applied. The simulation demonstrated how the shape of 
the bottom water layer changes with varying voltages applied. When comparing this simulation result with the 
experimental outcome, it is evident that the simulation results are closely aligned with the experimental results. 
Namely, for 22 V applied, the difference between the experimental and simulation results was only 2°, and for 
26 V applied, the difference was only 1°. 
 
 
 
(a) 
 
(b) 
 
(c)  
 
Figure 7-22. The simulation result of the bottom liquid (water) interface in a hexagonal electrowetting cell 
with 22 V applied to the cell’s left electrode face (a) contact angle change depicted from in the front view, 
(b) isometric view at 0 V and (c) isometric view at 22 V.  
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(a) 
 
(b) 
 
(c) 
 
Figure 7-23. The simulation result of the bottom liquid (water) interface in a hexagonal electrowetting cell 
with 26 V applied to the cell’s left electrode face, (a) contact angle change depicted from the front view, (b) 
isometric view at 0 V and (c) isometric view at 26 V.  
 
 
 
 
 
 
 
 
 
 
 
 
161 
 
7.5.2 Liquid-Liquid Interface Deformation with Voltage Application to Two Electrode Faces of the 
Hexagonal Cell 
Here, the study aim was to investigate how the interface changes when a voltage is applied to two adjacent 
electrode faces of the hexagonal cell and the opposite electrode faces are maintained at zero voltage. Figure 
7-24 depicts the interface modulation when 22 V was applied to two adjacent electrode faces on the right side 
of the cell. The contact angle changed from 164° to 129° on the cell’s right side when 22 V was applied.  
 
Figure 7-24. The hexagonal cell structure with 0 V applied to two adjacent electrode faces and 22 V on the 
opposite two adjacent electrode faces, (a) contact angle changes and (b) experimental setup supplying 
voltage to the electrodes.  
 
Figure 7-25 shows the interface modulation when 26 V was applied to the two adjacent electrode faces on 
the cell’s left side. With this voltage, the contact angle changed from 165° to 124°.  
 
 
 
162 
 
 
Figure 7-25. The contact angle change with 26 V applied to the two-adjacent electrode faces on the cell’s left 
side.  
 
A simulation was conducted to compare the experimental results presented in Figure 7-25. Figure 7-26 
presents the simulation result with 26 V applied to the two left sidewall electrode faces. As illustrated in 
Figure 7-26, the simulation is in exact agreement with the experimental results presented in Figure 7-25.  
 
 
 
(b) 
 
(a) (c) 
  
Figure 7-26. The simulation result of contact angle change of the bottom liquid (water) interface in a 
hexagonal electrowetting cell with 26 V applied to the two-adjacent electrode faces on the cell’s left side, (a) 
front view, (b) isometric view at 0 V and (c) isometric view at 26 V applied to the two left electrode faces.  
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7.5.3 Breakdown of the Dielectric Layer 
In this experimental study examining the hexagonal cell with electrodes and dielectric layers on the sidewall, 
a breakdown of the dielectric layer was observed at 28 V. Figure 7-27 illustrates this breakdown of voltage 
when 28 V was applied to one of the electrode faces of the dielectric layers. Figure 7-27a shows the initial 
liquid-liquid interface at 0 V; two types of bubble formations were observed during the breakdown of the 
dielectric layer. First, the bubbles formed on top of the cell face with applied voltage as illustrated in Figure 
7-27b-c. A second type of bubble was then observed forming on top of the liquid-liquid interface, as depicted 
in Figure 7-27b. 
 
Figure 7-27. (a) The interface at 0 V, (b) dielectric breakdown and bubble formation on the right cell face 
with 28 V applied and (c) the view through the dielectric breakdown cell face. 
 
When the voltage was maintained at the breakdown voltage of 28 V, bubbles formed around the water drop, 
as illustrated in Figure 7-28. 
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Figure 7-28. Bubble formation during the breakdown of voltage.  
 
7.6 Interface Deflection 
In a six-face electrode hexagonal cell, the liquid-liquid interface can be modulated in different ways. Besides 
moving the liquid-liquid interface up and down along the sidewall, as noted in the previous section, the 
interface can also be rotated horizontally by applying a voltage to different electrode faces of the hexagonal 
cell. Thus, a two-axis interface modulation can be achieved by the hexagonal cell designed and developed in 
this study. Figure 7-29a illustrates that the liquid-liquid interface can be rotated horizontally by applying a 
voltage to a single electrode face of the cell. Similarly, the interface can be rotated horizontally by applying a 
voltage to two adjacent electrode faces of the hexagonal cell, as depicted in Figure 7-29b.  
  
(a) (b) 
 
Figure 7-29. The concept of rotating the liquid-liquid interface horizontally by applying the voltage to (a) a 
single electrode face of the hexagonal cell and (b) two electrode faces of the hexagonal cell. 
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However, as illustrated in previous figures for the electrowetting experiments, a curved, tilted liquid-liquid 
interface forms when the voltage is applied to one or two electrode faces of the hexagonal cell. However, if a 
flat, tilted interface is required, the voltage can also be applied to side electrodes.   
As described in previous sections, this study demonstrates liquid-liquid interface modulation by applying a 
voltage to a single face electrode and then to two face electrodes of the hexagonal cell. The contact angle 
change of the interface was measured by viewing the interface through the side electrode faces where no 
voltage was applied. These changes are depicted in Figure 7-21, Figure 7-24 and Figure 7-25. Viewing with 
this direction provided information on the deflection of the liquid interface on the sidewall. However, these 
images do not reveal the curvature of the interface. Thus, to observe the curvature of the interface, this study 
included taking images through the electrode faces of the hexagonal cell where voltages were applied. Figure 
7-30 depicts the shape of the interface captured through the cell’s electrode face with applied voltage of 26 V.    
Figure 7-31 shows the shape of the interface captured through the two electrode faces with applied voltage of 
26 V. When analysing these two images, it is evident that the interface was flatter with the voltage applied to 
two adjacent electrode faces than when the voltage was applied to a single electrode face.  
 
 
Figure 7-30. Contact angle change viewed through the cell’s electrode face with an applied voltage of 26 V.  
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Figure 7-31. Contact angle change viewed through the two-adjacent electrode faces with an applied voltage 
of 26 V.  
 
The mid-section plane of the three-dimensional model described in section 7.5.1 and section 7.5.2 was analysed 
to investigate the liquid-liquid interface further. Figure 7-32a-d shows the three-dimensional model and mid-
section plane of the simulation results with 26 V applied to one electrode face, and 26 V applied to two 
electrode faces of the hexagonal electrowetting cell. Figure 7-32e presents the mid-section interface profile 
with the voltage applied to the single electrode face and the two electrode faces. This figure demonstrates that 
a flatter liquid-liquid interface can be formed by applying the voltage to two adjacent electrode faces, compared 
with the voltage applied to a single electrode face of the hexagonal cell.  
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(a) (b) 
  
(c) (d) 
 
(e) 
 
Figure 7-32. The simulation result of the liquid-liquid interface of the bottom liquid water in the hexagonal 
electrowetting cell, (a) with 26 V applied to two electrode faces, (b) mid-plane section of the three-
dimensional model with 26 V applied to two electrode faces, (c) 26 V applied to a single electrode face, (d) 
mid-plane section of the three-dimensional model with 26 V applied to a single electrode face and (e) mid-
plane liquid-liquid interface profile with 26 V applied to a single electrode face and two electrode faces.  
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These findings thus reveal that for a tilted and flat interface, it is best to apply a voltage to two adjacent 
electrode faces of the hexagonal cell. Also, it is evident from the simulation study detailed in the previous 
chapter that cell size (dielectric constant) affects the interface shape. With a smaller cell size, a steeper and 
flatter liquid-liquid interface can be achieved, as demonstrated in the simulation study presented in Chapter 6. 
The theoretical and simulation analysis detailed in Chapter 6 also demonstrates that by increasing the dielectric 
constant, the electric field concentration can be increased at the triple-phase contact line of the interface on the 
cell’s sidewalls. A higher electric field concentration generates higher electromotive force and a greater 
outward pulling force at the triple-phase contact line to form a steeper and flatter interface. Such an interface 
can also be achieved by decreasing the liquid-liquid interfacial tension. Finally, one side of the liquid-liquid 
interface contact line on sidewall can be moved vertically by varying the voltages applied to the electrode 
faces, and the interface can be horizontally rotated by applying voltage to different electrode faces of the 
hexagonal cell. Thus, the hexagonal cell facilitates the two-axis steering of sunlight. 
 
7.7 Beam steering 
The hexagonal cell’s beam steering capacity depends on several factors. For instance, increasing the refractive 
index difference between the liquids increases the cell’s beam steering capacity. Besides that, the liquid layers 
must be as thin as possible to reduce solar energy absorption when the light beam passes through the liquids. 
To make the liquid layers thin, the cell height should be as small as possible considering the ease of fabrication. 
Finally, beam steering through the electrowetting cell depends on the deflection of the liquid-liquid interface. 
On the other hand, the deflection of the liquid-liquid interface depends on the applied voltage, dielectric 
strength and relative permittivity of the dielectric layer. As demonstrated in the previous section, when the 
voltage was applied to one or two electrode faces of the hexagonal cell and the opposite electrode faces were 
kept at zero voltage, a tilted-curved interface formed. With this interface, the incident beam will change its 
path and either converge or diverge depending on the refractive index of the liquids. This study used a red laser 
beam to investigate how the deflection of the interface can change the beam’s path, as shown in Figure 7-33. 
Al2O3 nanoparticles were mixed with the water and silicone oil before dosing the cell to visualise the laser 
beam’s path. As illustrated in Figure 7-33, the laser beam first passed through the oil layer and then through 
the water layer. The refractive index of silicone oil was 1.5 and 1.3 for water. Figure 7-33a depicts the laser 
beam passing through the liquids when the applied voltage was 0 V. As shown in Figure 7-33b, the interface 
was deflected due to the 26 V applied to the cell’s two right electrode faces. The figure demonstrates that the 
laser beam had changed its path when it travelled through the interface. In Figure 7-33b, the pink line represents 
the incident laser light direction, the green line represents the refracted beam direction and the cyan line 
represents the theoretical direction of the light beam considering the liquid’s refractive index. As illustrated in 
Figure 7-33b, there was a 4.5° change of incident laser beam path. Note, however, that the theoretical value 
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was 3.3°. The dissolved nanoparticles in the liquids may account for the beam steering’s value being higher in 
the experiment than in the theoretical calculation. In this study, the liquids’ refractive index difference was 
only 0.2. The light beam steering can be increased by selecting an oil with a high refractive index and by 
increasing the deflection of the liquid-liquid interface.  
 
 
Figure 7-33. (a) The laser light path at 0 V and (b) steering of laser light due to the deflection of the interface 
with 26 V applied to the two right adjacent electrode faces.  
 
7.8 Conclusion 
This chapter presents the fabrication of a two-axis beam steering electrowetting cell. The following 
conclusions can be derived from the experimental investigation of this fabricated device: 
 A hexagonal electrowetting cell can facilitate two-axis beam steering. The interface can be tilted 
vertically by applying a voltage to the side electrode faces. By sequentially applying a voltage to 
different electrode faces, the interface can be rotated 360° horizontally.  
 Single layer inorganic dielectric material is not a reliable system; a double layer dielectric system is 
necessary for preventing dielectric breakage.  
 Sputtering is a suitable method compared to the electron beam evaporation process.  
 For the two-layer dielectric system, a base layer in-organic and top layer organic could be more 
reliable. 
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 The Lippmann-Young equation is only valid if the electric field concentrates at the liquid-solid-
liquid triple contact point.  
 The beam steering electrowetting device can be fabricated if the triple contact line of the liquid-
liquid interface sits on top of the dielectric-electrode layer. 
 The electromechanical approach of electrowetting is more effective for investigating the electrical 
field distribution in an electrowetting cell.    
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Chapter 8 Conclusions and 
Recommendations 
 
The comprehensive literature conducted as a part of this thesis showed that for a beam steering electrowetting 
device, it is important to identify the appropriate components and fabrication methods.  
This research study identified that the sputter-deposited SiO2 was better than e-beam deposition in terms of 
dielectric breakdown and contact angle change. The sputter deposition method demonstrated in this study can 
produce reliable SiO2 dielectric layers. It is also identified that the post-annealing of the SiO2 layer allows 
higher voltages without breakdown and hence higher contact angle change, probably due to the fusing of nano-
sized defects. While there is a steeper contact angle change with voltage of ionic liquids compared to DI water 
on the SiO2 layer, electrowetting with ionic liquids experienced a lower dielectric breakdown voltage. 
Comparing SiO2 with other dielectric materials such as PDMS and Ta2O5, SiO2 allows a higher change of 
contact angle per unit voltage. Furthermore, the applied voltage range of SiO2 improved when silicone oil was 
used as the interface medium with water instead of air. 
It was found, for the first time, that the ground electrode plays an important role in the electrohydrodynamic 
behaviour of electrowetting liquid. It was observed that, from zero to the threshold voltage of electrowetting, 
there was an upward pulling force from the bare ground electrode to the sessile drop. Because of that, the 
contact angle increased with voltages from zero to the threshold voltage, instead of decreasing as according to 
the Lippmann-Young equation. This phenomenon was not observed with a dielectric coated ground electrode 
- DC and bare ground electrode - AC voltage electrowetting. The research work suggests that a Debye double 
layer forms on top of the bare ground electrode in DC voltage electrowetting in the voltage range from zero to 
threshold voltage, which plays the dominant role on lifting the sessile drop on the ground electrode.  
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This study also demonstrated that electrowetting can also occur with the dielectric coated ground electrode 
and an exposed bare ground electrode is not necessary for electrowetting. It also found that the dielectric coated 
ground electrode reduces hysteresis in electrowetting.  
An important realisation from this research study is the leaky dielectric and conductive behaviour of the water 
in electrowetting. Previously, in studies like Kang (2002), it was assumed that  water behaves as a conductive 
liquid in electrowetting, and thus the electric field  cannot passes through the water but  emanates from the 
surface of the water drop. Here, it is suggested that the water transforms from a leaky dielectric to a conducting 
liquid during electrowetting when the voltage is increased. The study suggested for the first time that the 
threshold voltage is the parameter which identifies this transformation from the leaky dielectric to conducting 
liquid.  
The success of an electrowetting beam steering cell depends on the effective control of the liquid-liquid 
interface. A three-dimensional simulation model was developed that identified that a higher dielectric constant 
layer, smaller cell size with a voltage applied to side electrode faces of the hexagonal cell can help to form a 
flat and steep liquid-liquid interface.  
Both experimentally and in simulations, it is identified that with a voltage applied to two adjacent faces of the 
hexagonal cell the tilted interface can become flatter. To achieve liquid-liquid interface modulation with an 
applied voltage, the liquid-solid-liquid contact line of the interface must be on top of the dielectric-electrode 
layers. Therefore, to modulate the interface in an electrowetting cell, electrodes are required to be patterned on 
the side walls.  
This research work suggests that a thin hexagonal cell array with electrodes on side wall will facilitate adaptive 
two-axis tracking and concentration of solar energy. The device has the potential to eliminate the disadvantages 
associated with bulky mechanical tracking devices. The thin array of electrowetting cell can be placed on a 
Fresnel lens and direct the sunlight towards the Fresnel lens for concentration. The electrowetting cell array 
can also be used to directly steer and concentrate solar energy on a CPV cell.  
In conclusion the key notable findings of this research study are: 
 a deposition method to produce reliable inorganic SiO2 dielectric layer, 
 an understanding of the electrohydrodynamic behavior of the ground electrode in electrowetting, 
 description of a new phenomenon of contact angle change in sessile drop DC electrowetting with a 
bare ground electrode,   
 the three-dimensional simulation model developed in this research can be used for parametric studies, 
which will reduce the need for complex trial and error fabrication process to identify the appropriate 
components properties of the electrowetting cell, 
 the effect of different electrode configurations for modulating the liquid-liquid interface in a 
electrowetting cell.   
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Suggestions for further work:  
 Molecular dynamic simulation on sessile drop electrowetting is required to further investigate the 
proposed Debye double layer formation on the bare ground electrode.  
 Electrohydrodynamic simulations using Maxwell stress tensor and compare the result with the three-
dimensional simulation developed in this research can be an interesting future work.  
 The beam steering capacity of an electrowetting device depends on the difference of refractive index 
of the two immiscible liquids (water and silicone oil). More research is required to find high refractive 
index water immiscible liquid that has low solar absorption and stable chemical and physical properties 
for solar energy applications.  
 Ray tracing simulation through the hexagonal cell with deflection of liquid-liquid cell can be an 
interesting future research work.  
 This research mainly focused on proof of concept device and investigated the modulation of liquid-
liquid interface. To analyse the liquid-liquid interface from side wall and for ease of dosing the liquid 
in the cell, the cell size was in the order one millimeter. Future study is required to reduce the size of 
the cell to approximately 100 micrometers and to fabricate the cell array. Also, it is important to 
develop a method to ensure a fast and accurate dosing of those micro-meter thick cell array. 
 Similarly, this research work proposed an array of hexagonal electrowetting cell with electrodes on 
side walls. For the commercial development of the cell array, more research is required to identify 
how the voltage will be supplied to each of the cell electrodes in the array.  
 To accurately track the sun using electrowetting cell, it is required to develop an algorithm to identify 
the required voltage to the electrode to form the essential deflection of the liquid-liquid interface.   
 Finally, a reliable dielectric material is paramount to develop a commercial beam steering 
electrowetting device of the arrayed hexagonal cell. Research work can be done in future to investigate 
the reliability of the dielectric layer on respect to the repetitive loading of voltage to ensure the required 
operation life of the electrowetting device.  
174 
 
BIBLIOGRAPHY 
 
Abdelgawad M and Wheeler A R 2007 Low-cost, rapid-prototyping of digital microfluidics devices 
Microfluid. Nanofluidics 4 349–55 Online: http://link.springer.com/10.1007/s10404-007-0190-3 
Apostoleris H, Stefancich M and Chiesa M 2016 Tracking-integrated systems for concentrating 
photovoltaics Nat. Energy 1 16018 Online: http://www.nature.com/articles/nenergy201618 
Baker K A, Karp J H, Tremblay E J, Hallas J M and Ford J E 2012 Reactive self-tracking solar 
concentrators: concept, design, and initial materials characterization. Appl. Opt. 51 1086–94 Online: 
http://www.ncbi.nlm.nih.gov/pubmed/22410987 
Berry S, Kedzierski J and Abedian B 2006 Low voltage electrowetting using thin fluoroploymer films J. 
Colloid Interface Sci. 303 517–24 
Berthier J 2013 Electrowetting Theory Micro-Drops Digit. Microfluid. 161–224 Online: 
http://linkinghub.elsevier.com/retrieve/pii/B9781455725502000043 
Berthier J, Clementz P, Raccurt O, Jary D, Claustre P, Peponnet C and Fouillet Y 2006 Computer aided 
design of an EWOD microdevice Sensors Actuators A Phys. 127 283–94 Online: 
http://linkinghub.elsevier.com/retrieve/pii/S0924424705005443 
Berthier J, Dubois P, Clementz P, Claustre P, Peponnet C and Fouillet Y 2007 Actuation potentials and 
capillary forces in electrowetting based microsystems Sensors Actuators A Phys. 134 471–9 Online: 
http://linkinghub.elsevier.com/retrieve/pii/S0924424706003268 
Bhatt V and Chandra S 2007 Silicon dioxide films by RF sputtering for microelectronic and MEMS 
applications J. Micromechanics Microengineering 17 1066–77 
Boer B De, Suijver F, Megens M, Deladi S and Kuiper S 2010 Control of an electrowetting-based beam 
deflector J. Appl. Phys. 107 063101 Online: 
http://scitation.aip.org/content/aip/journal/jap/107/6/10.1063/1.3319649 
BP 2018 solar-energy @ www.bp.com Online: https://www.bp.com/en/global/corporate/energy-
economics/statistical-review-of-world-energy/renewable-energy/solar-energy.html 
Brewster M Q 1992 Thermal Radiative Transfer and Properties (New York: Wiley) 
Cargille L 2017 Refractive Index (Matching) Liquids Online: 
http://www.cargille.com/refractivestandards.shtml 
Chae J B, Kwon J O, Yang J S, Kim D, Rhee K and Chung S K 2013 Optimum thickness of hydrophobic 
175 
 
layer for operating voltage reduction in EWOD systems Sensors Actuators A Phys. 1–9 Online: 
http://linkinghub.elsevier.com/retrieve/pii/S0924424713005463 
Chang H and Yeo L Y 2008 Electrokinetically driven microfluidics and nanofluidics 
Chang J-H, Kim D-S and Pak J J-H 2011 Simplified Ground-type Single-plate Electrowetting Device for 
Droplet Transport J. Electr. Eng. Technol. 6 402–7 Online: 
http://koreascience.or.kr/journal/view.jsp?kj=E1EEFQ&py=2011&vnc=v6n3&sp=402 
Chang J, Choi D and You X 2010 Low Voltage Electrowetting on Atomic-Layer- Deposited Aluminum 
Oxide Proc. 2010 5th IEEE Int. Conf. Nano/Micro Eng. Mol. Syst. January 20-23, 2010, Xiamen, 
China 605–8 
Chen H H and Fu C 2011 Annealing effect of niobium pentoxide for low voltage electrowetting on dielectric 
(EWOD) Proc. Tech. Pap. - Int. Microsystems, Packag. Assem. Circuits Technol. Conf. IMPACT 401–
3 
Chen S and Doolen G D 1998 Lattice Boltzmann method for fluid flows Annu. Rev. Fluid Mech. 30 329–64 
Cheng J and Chen C L 2011 Adaptive beam tracking and steering via electrowetting-controlled liquid prism 
Appl. Phys. Lett. 99 3–6 
Cheng J, Park S and Chen C-L 2013 Optofluidic solar concentrators using electrowetting tracking: Concept, 
design, and characterization Sol. Energy 89 152–61 Online: 
http://linkinghub.elsevier.com/retrieve/pii/S0038092X12004410 
Chevalliot S, Malet G, Keppner H and Berge B 2016 Insulating Material Requirements for Low-Power-
Consumption Electrowetting-Based Liquid Lenses Langmuir 32 13585–92 
Chiou P Y, Moon H, Toshiyoshi H, Kim C-J and Wu M C 2003 Light actuation of liquid by 
optoelectrowetting Sensors Actuators A Phys. 104 222–8 Online: 
http://linkinghub.elsevier.com/retrieve/pii/S0924424703000244 
Choi S, Kwon Y and Lee J 2012 Reflective display using electrowetting with self-dosing and large viewable 
area ratio 2012 International Conference on Optical MEMS and Nanophotonics (OMN) vol 4 (Banff, 
AB) pp 13–4 
Christopher L, Martin D and Yogi G 2005 Solar energy pocket reference (Earthscan) 
Clement C E and Park S Y 2016 High-performance beam steering using electrowetting-driven liquid prism 
fabricated by a simple dip-coating method Appl. Phys. Lett. 108 
Clement C E, Thio S K and Park S Y 2017 An optofluidic tunable Fresnel lens for spatial focal control based 
176 
 
on electrowetting-on-dielectric (EWOD) Sensors Actuators, B Chem. 240 909–15 Online: 
http://dx.doi.org/10.1016/j.snb.2016.08.125 
COMSOL 2013 Electrowetting Lens vol 2 
Currie M J, Mapel J K, Heidel T D, Goffri S and Baldo M A 2008 High-efficiency organic solar 
concentrators for photovoltaics. Science 321 226–8 Online: 
http://www.ncbi.nlm.nih.gov/pubmed/18621664 
Dakka A, Lafait J, Abd-Lefdil M and Sella C 1999 Optical study of titanium dioxide thin films prepared by 
R.F. sputtering . M.J.Condenced matter 2 153–6 
Daub C D, Bratko D and Leung K 2007 Electrowetting at the nanoscale J. Phys. Chem. C 111 505–9 
EnergySage 2018 What are the most efficient solar panels on the market? Online: 
https://news.energysage.com/what-are-the-most-efficient-solar-panels-on-the-market/ 
Fortner N and Shapiro B 2003 Equilibrium and dynamic behavior of micro flows under electrically induced 
surface tension actuation forces MEMS, NANO Smart Syst. 2003. … 
Fraunhofer 2014 Annual Report 2014/15 
Gao L, Lemarchand F and Lequime M 2012 Exploitation of multiple incidences spectrometric measurements 
for thin film reverse engineering. Opt. Express 20 15734–51 Online: 
http://www.osapublishing.org/viewmedia.cfm?uri=oe-20-14-15734&seq=0&html=true 
Garner S M, He M, Lo P Y, Sung C F, Liu C W, Hsieh Y M, Hsu R, Ding J M, Hu J P, Chan Y J, Lin J, Li 
X, Sorensen M, Li J, Cimo P and Kuo C 2012 Electrophoretic displays fabricated on ultra-slim flexible 
glass substrates IEEE/OSA J. Disp. Technol. 8 590–5 
Gay C, Wilson J and Yerkes J 1982 Performance advantages of two-axis tracking for large flat-plate 
photovoltaic energy systems Conf. Rec. IEEE Photovoltaic Spec. Conf. p 16: 1368 
Gross P M and Taylor R C 1950 The Dielectric Constants of Water, Hydrogen Peroxide and Hydrogen 
Peroxide—Water Mixtures1,2 J. Am. Chem. Soc. 72 2075–2080 
Hajakbari F, Larijani M M, Ghoranneviss M, Aslaninejad M and Hojabri A 2010 Optical properties of 
amorphous AlN thin films on glass and silicon substrates grown by single ion beam sputtering Jpn. J. 
Appl. Phys. 49 
Heikenfeld J, Zhou K, Kreit E, Raj B, Yang S, Sun B, Milarcik  a., Clapp L and Schwartz R 2009 
Electrofluidic displays using Young–Laplace transposition of brilliant pigment dispersions Nat. 
Photonics 3 292–6 
177 
 
Ho M C, Kang Y C and Chen R 2011 Driving and controller design of digital microdroplet NEMS 2011 - 6th 
IEEE Int. Conf. Nano/Micro Eng. Mol. Syst. 547–50 
Hou L, Zhang J, Smith N, Yang J and Heikenfeld J 2010 A full description of a scalable microfabrication 
process for arrayed electrowetting microprisms J. Micromechanics Microengineering 20 015044 
Online: http://stacks.iop.org/0960-
1317/20/i=1/a=015044?key=crossref.0d3698da1107a787db60a1fa889617d7 
Hunt T 2015 The-Solar-Singularity-is-Nigh Greentech Media Online: 
https://www.greentechmedia.com/articles/read/The-Solar-Singularity-is-Nigh#gs.iEocdqo 
IEA 2014 Technology Roadmap Solar Photovoltaic Energy Online: 
http://www.iea.org/publications/freepublications/publication/TechnologyRoadmapSolarPhotovoltaicEn
ergy_2014edition.pdf 
IEA 2016 World Energy Outlook 2016 (Executive Summary) Online: 
www.iea.org/t&c/%0Ahttp://www.iea.org/publications/freepublications/publication/WEB_WorldEnerg
yOutlook2015ExecutiveSummaryEnglishFinal.pdf 
IEA PVPS 2016 Trends 2016 in Photovoltaic Applications: Survey Report of Selected IEA Countries 
between 1992 and 2015 Online: http://iea-
pvps.org/fileadmin/dam/public/report/national/Trends_2016_-_mr.pdf 
IRENA 2018 Renewable Capacity Statistics 2018 
Izadian A 2013 Controllable Lenses for Photovoltaic Energy 3 1113–7 
Jeong S-H, Kim J-K, Kim B-S, Shim S-H and Lee B-T 2004 Characterization of SiO2 and TiO2 films 
prepared using rf magnetron sputtering and their application to anti-reflection coating Vacuum 76 507–
15 
Jones T B 2005 An electromechanical interpretation of electrowetting J. Micromechanics Microengineering 
15 1184–7 Online: http://stacks.iop.org/0960-
1317/15/i=6/a=008?key=crossref.7d093f6481a112c41f29dbc90242d9ae 
Jones T B, Fowler J D, Chang Y S and Kim C J 2003 Frequency-based relationship of electrowetting and 
dielectrophoretic liquid microactuation Langmuir 19 7646–51 
Jun S-I, McKnight T E, Melechko A V, Simpson M L and Rack P D 2006 Characterisation of reactively 
sputtered silicon oxide for thin-film transistor fabrication 41 14–5 Online: 
http://discovery.ucl.ac.uk/45673/ 
Kang K H 2002 How electrostatic fields change contact angle in electrowetting Langmuir 18 10318–22 
178 
 
Khan I, Castelletto S and Rosengarten G 2018 Deposition method and performance of SiO2 as a dielectric 
material for beam steering electrowetting devices Mater. Reserach Express 5 076304 
Khan I, Castelletto S and Rosengarten G 2017 Fabrication of solar beam steering electrowetting devices - 
Present status and future prospects J. Phys. D. Appl. Phys. 50 
Khan I and Rosengarten G 2015 Simulation of an electrowetting solar concentration cell Proceedings of 
SPIE - The International Society for Optical Engineering vol 9559 
Khodayari M, Hahne B, Crane N B and Volinsky A A 2013 Floating Electrode Electrowetting on 
Hydrophobic Dielectric with an SiO 2 Layer Appl. Phys. Lett. 102 1–13 
Kilaru M K, Heikenfeld J, Lin G and Mark J E 2007 Strong charge trapping and bistable electrowetting on 
nanocomposite fluoropolymer:BaTiO[sub 3] dielectrics Appl. Phys. Lett. 90 212906 Online: 
http://scitation.aip.org/content/aip/journal/apl/90/21/10.1063/1.2743388 
King D L, Boyson W E and Kratochvil J A 2002 Analysis of factors influencing the annual energy 
production of photovoltaic systems. Conference Record of the IEEE Photovoltaic Specialists 
Conference pp 1356–61 
Kotsidas P, Modi V and Gordon J M 2011 Nominally stationary high-concentration solar optics by gradient-
index lenses. Opt. Express 19 2325–34 Online: http://www.ncbi.nlm.nih.gov/pubmed/21369051 
Kreit E, Dhindsa M, Yang S, Hagedon M, Zhou K, Papautsky I and Heikenfeld J 2010 Laplace barriers for 
electrowetting thresholding and virtual fluid confinement Langmuir 26 18550–6 
Kuiper S and Hendriks B H W 2004 Variable-focus liquid lens for miniature cameras Appl. Phys. Lett. 85 
1128 Online: http://scitation.aip.org/content/aip/journal/apl/85/7/10.1063/1.1779954 
Kuo J S, Spicar-Mihalic P, Rodriguez I and Chiu D T 2003 Electrowetting-induced droplet movement in an 
immiscible medium Langmuir 19 250–5 
Lewis J S and Weaver M S 2004 Thin-film permeation-barrier technology for flexible organic light-emitting 
devices IEEE J. Sel. Top. Quantum Electron. 10 45–57 
Li Y, Mita Y, Haworth L I, Parkes W, Kubota M and Walton A J 2009 Test structure for characterizing low 
voltage coplanar EWOD system IEEE Trans. Semicond. Manuf. 22 88–95 
Liu H, Dharmatilleke S, Maurya D K and Tay A A O 2009 Dielectric materials for electrowetting-on-
dielectric actuation Microsyst. Technol. 16 449–60 Online: http://link.springer.com/10.1007/s00542-
009-0933-z 
Liu H, Dharmatilleke S, Maurya D K and Tay A A O 2010 Dielectric materials for electrowetting-on-
179 
 
dielectric actuation Microsyst. Technol. 16 449–60 
Liu J, Wang M, Chen S and Robbins M 2012 Uncovering molecular mechanisms of electrowetting and 
saturation with simulations Phys. Rev. Lett. 108 216101 
Manica D P and Ewing A G 2002 Prototyping disposable electrophoresis microchips with electrochemical 
detection using rapid marker masking and laminar flow etching Electrophoresis 23 3735–43 
Marcos L V R, Larruquert J I, Méndez J A and Aznárez J A 2016 Self-consistent optical constants of SiO_2 
and Ta_2O_5 films Opt. Mater. Express 6 3622 Online: 
https://www.osapublishing.org/abstract.cfm?URI=ome-6-11-3622 
Martinez‐Duart J M, Velilla J L, Albella J M and Rueda F 1975 Dielectric properties of thin Ta2O5 films 
Phys. Status Solidi 26 611–5 
Moon H, Cho S K, Garrell R L and Kim C J 2002 Low voltage electrowetting-on-dielectric J. Appl. Phys. 92 
4080–7 
Mugele F and Baret J-C 2005 Electrowetting: from basics to applications J. Phys. Condens. Matter 17 R705–
74 Online: http://stacks.iop.org/0953-
8984/17/i=28/a=R01?key=crossref.64463d928e2e11e7ec031fe7486c9c09 
Narasimhan V and Park S Y 2015 An Ion Gel as a Low-Cost, Spin-Coatable, High-Capacitance Dielectric 
for Electrowetting-on-Dielectric (EWOD) Langmuir 31 8512–8 
Newton M I, Herbertson D L, Elliott S J, Shirtcliffe N J and McHale G 2007 Electrowetting of liquid 
marbles J. Phys. D. Appl. Phys. 40 20–4 
OECD 2014 Key World Energy Statistics 2014 Online: http://www.oecd-ilibrary.org/ 
Okhonin S and Fazan P 1998 Origin of the charge to breakdown distributions in thin silicon dioxide films 
Appl. Phys. Lett. 73 2343–4 Online: http://aip.scitation.org/doi/10.1063/1.121686 
Otanicar T P, Phelan P E and Golden J S 2009 Optical properties of liquids for direct absorption solar 
thermal energy systems Sol. Energy 83 969–77 Online: 
http://linkinghub.elsevier.com/retrieve/pii/S0038092X08003496 
Paik P, Pamula V K, Pollack M G and Fair R B 2003 Electrowetting-based droplet mixers for microfluidic 
systems. Lab Chip 3 28–33 
Park C B, Kim K M, Lee J E, Na H, Yoo S S and Yang M S 2014 Flexible electrophoretic display driven by 
solution-processed organic TFT with highly stable bending feature Org. Electron. 15 3538–45 Online: 
http://dx.doi.org/10.1016/j.orgel.2014.09.039 
180 
 
Park J K, Ryu J, Koo B C, Lee S and Kang K H 2012 How the change of contact angle occurs for an 
evaporating droplet: effect of impurity and attached water films Soft Matter 8 11889–96 Online: 
http://xlink.rsc.org/?DOI=c2sm26559a 
Park S-Y, Cheng J and Chen C 2013 Microfluidic tunable liquid prisms for solar beam steering and 
concentration Proceedings of the ASME 2013 7th International Conference on Energy Sustainability 
ES2013 (Minneapolis, MN, USA) pp 1–7 
Pender J G 2005 Motion-free tracking solar concentrator 
Peykov V, Quinn  a. and Ralston J 2000 Electrowetting: A model for contact-angle saturation Colloid Polym. 
Sci. 278 789–93 
Pollack M G, Fair R B and Shenderov A D 2000 Electrowetting-based actuation of liquid droplets for 
microfluidic applications Appl. Phys. Lett. 77 1725 Online: 
http://link.aip.org/link/APPLAB/v77/i11/p1725/s1&Agg=doi 
Pollack M G, Shenderov  a D and Fair R B 2002 Electrowetting-based actuation of droplets for integrated 
microfluidics. Lab Chip 2 96–101 
Quinn A, Sedev R and Ralston J 2003 Influence of the Electrical Double Layer in Electrowetting J. Phys. 
Chem. B 107 1163–9 Online: http://pubs.acs.org/doi/abs/10.1021/jp0216326 
Rajabi N and Dolatabadi A 2010 A novel electrode shape for electrowetting-based microfluidics Colloids 
Surfaces A Physicochem. Eng. Asp. 365 230–6 Online: 
http://linkinghub.elsevier.com/retrieve/pii/S0927775710000567 
REN21 2017 Renewables 2017 global status report (Paris) 
Roux J-M, Fouillet Y and Achard J-L 2007 3D droplet displacement in microfluidic systems by electrostatic 
actuation Sensors Actuators A Phys. 134 486–93 Online: 
http://linkinghub.elsevier.com/retrieve/pii/S0924424706003517 
Saeki F, Baum J, Moon H, Yoon J, Kim C C J and Garrell R L 2001 Electrowetting on Dielectrics (EWOD ): 
Reducing Voltage Requirements for Microfluidics Polym. Mater. Sci. Eng. 85 12–3 
Samad M F, Kouzani A Z and Samad M 2013 Design and analysis of a low actuation voltage electrowetting-
on-dielectric device 2013 ICME Int. Conf. Complex Med. Eng. 513–7 Online: 
http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=6548303 
Santamaria J, Quesada F S, Diaz G G, Iborra E and Vidal M R 1985 Electrical properties of R.F.-sputtered 
SiO z films Thin Solid Films 125 299–303 
181 
 
Saville D A 1997 ELECTROHYDRODYNAMICS:The Taylor-Melcher Leaky Dielectric Model Annu. Rev. 
Fluid Mech. 29 27–64 Online: http://www.annualreviews.org/doi/10.1146/annurev.fluid.29.1.27 
Schnitzer O and Yariv E 2015 The Taylor-Melcher leaky dielectric model as a macroscale electrokinetic 
description J. Fluid Mech. 773 1–33 
Schuegraf K F and Hu C 1994 Reliability of thin SiO2 Semicond. Sci. Technol. 9 989–1004 
Shapiro B, Moon H, Garrell R L and Kim C-J 2003a Equilibrium behavior of sessile drops under surface 
tension, applied external fields, and material variations J. Appl. Phys. 93 5794–811 
Shapiro B, Moon H, Garrell R L and Kim C J 2003b Equilibrium behavior of sessile drops under surface 
tension, applied external fields, and material variations J. Appl. Phys. 93 5794–811 
Sigma-Aldrich 2016 Properties Sigma-Aldrich Online: 
http://www.sigmaaldrich.com/catalog/product/aldrich/703192?lang=en&region=BD 
Smith N R, Abeysinghe D C, Haus J W and Heikenfeld J 2006 Agile wide-angle beam steering with 
electrowetting microprisms. Opt. Express 14 6557–63 Online: 
http://www.ncbi.nlm.nih.gov/pubmed/19516833 
Smith N R, Hou L, Zhang J, Heikenfeld J and Member S 2009 Fabrication and demonstration of 
electrowetting liquid lens arrays Disp. Technol. Lett. 5 411–3 
Srinivasan V, Pamula V K and Fair R B 2004 An integrated digital microfluidic lab-on-a-chip for clinical 
diagnostics on human physiological fluids. Lab Chip 4 310–5 
Sun B, Zhou K, Lao Y, Heikenfeld J and Cheng W 2007 Scalable fabrication of electrowetting displays with 
self-assembled oil dosing Appl. Phys. Lett. 91 23–5 
Suyama S, Okamoto A, Serikawa T and Tanigawa H 1987 Electrical conduction and dielectric breakdown in 
sputter-deposited silicon dioxide films on silicon J. Appl. Phys. 62 2360–3 
Takai Y, Koshiishi R, Kirita S, Tsuchiya M, Watana Y, Takahashi K, Imai Y and Shimpuku Y 2012 
Electrowetting Fresnel Lenticular IEEE 25th International Conference on Micro Electro Mechanical 
Systems (MEMS) pp 632–5 
Takei A, Matsumoto K and Shimoyama I 2013 A thin electrowetting controlled optical system with pan/tilt 
and variable focus functions Sensors Actuators A Phys. 194 112–8 Online: 
http://linkinghub.elsevier.com/retrieve/pii/S0924424713000770 
Thamida S K and Chang H C 2002 Nonlinear electrokinetic ejection and entrainment due to polarization at 
nearly insulated wedges Phys. Fluids 14 4315–28 
182 
 
Thornton J A and Hoffman D W 1989 Stress-related effects in thin films Thin Solid Films 171 5–31 Online: 
http://linkinghub.elsevier.com/retrieve/pii/0040609089900308 
Tsou Y-S, Chang K-H and Lin Y-H 2013 A droplet manipulation on a liquid crystal and polymer composite 
film as a concentrator and a sun tracker for a concentrating photovoltaic system J. Appl. Phys. 113 
244504 Online: http://scitation.aip.org/content/aip/journal/jap/113/24/10.1063/1.4812391 
UNDP 2000 World Energy Assessment. Energy and the challenge of Sustainability (New York) Online: 
http://medcontent.metapress.com/index/A65RM03P4874243N.pdf 
Vallet M, Vallade M and Berge B 1999 Limiting phenomena for the spreading of water on polymer films by 
electrowetting Eur. Phys. J. B 11 583–91 
Vasudev A and Zhe J 2009 A low voltage capillary microgripper using electrowetting TRANSDUCERS 
2009-International Solid-State Sensors, Actuators Microsystems Conf. 825–8 
Verheijen H J J and Prins M W J 1999 Reversible Electrowetting and Trapping of Charge:  Model and 
Experiments Langmuir 15 6616–20 Online: http://dx.doi.org/10.1021/la990548n 
Wang Y and Zhao Y-P 2013 Fundamentals and Applications of Electrowetting Rev. Adhes. Adhes. 1 114–74 
Watson A M, Dease K, Terrab S, Roath C, Gopinath J T and Bright V M 2015 Focus-tunable low-power 
electrowetting lenses with thin parylene films Appl. Opt. 54 6224–9 Online: 
https://www.scopus.com/inward/record.uri?eid=2-s2.0-
84942367943&partnerID=40&md5=a7ee5ebc5aaae542f8a8a3c368f78191 
Welters W J J and Fokkink L G J 1998 Fast Electrically Switchable Capillary Effects Langmuir 14 1535–8 
Online: http://dx.doi.org/10.1021/la971153b 
Wheeler A R, Moon H, Bird C A, Loo R R O, Kim C J, Loo J A and Garrell R L 2005 Digital microfluidics 
with in-line sample purification for proteomics analyses with MALDI-MS Anal. Chem. 77 534–40 
Wheeler A R, Moon H, Kim C-J, Loo J a and Garrell R L 2004 Electrowetting-based microfluidics for 
analysis of peptides and proteins by matrix-assisted laser desorption/ionization mass spectrometry. 
Anal. Chem. 76 4833–8 
Yi U C and Kim C J 2004 Soft printing of droplets pre-metered by electrowetting Sensors Actuators, A Phys. 
114 347–54 
You H and Steckl A J 2013 Lightweight electrowetting display on ultra-thin glass substrate J. Soc. Inf. Disp. 
21 192–7 Online: http://doi.wiley.com/10.1002/jsid.169 
Yu T-M, Yang S-M, Fu C-Y, Liu M-H, Hsu L, Chang H-Y and Liu C-H 2013 Integration of organic opto-
183 
 
electrowetting and poly(ethylene) glycol diacrylate (PEGDA) microfluidics for droplets manipulation 
Sensors Actuators B Chem. 180 35–42 Online: 
http://linkinghub.elsevier.com/retrieve/pii/S092540051101149X 
Yuan Y and Lee T R 2013 Surface science techniques Springer Series in Surface Sciences vol 51 pp 3–34 
Zeng J and Korsmeyer T 2004 Principles of droplet electrohydrodynamics for lab-on-a-chip. Lab Chip 4 
265–77 
Zhang J 2011 Lattice Boltzmann method for microfluidics: models and applications Microfluid. Nanofluidics 
10 1–28 
Zhou K, Heikenfeld J, Dean K A, Howard E M and Johnson M R 2009 A full description of a simple and 
scalable fabrication process for electrowetting displays J. Micromechanics Microengineering 19 
065029 Online: http://stacks.iop.org/0960-
1317/19/i=6/a=065029?key=crossref.54717e3c0673f1f8e7dc0ef35051cfb4 
Zisman W 1964 Contact Angle, Wettability and Adhesion, Advances in Chemistry Series (Washington DC: 
American Chemical Society) 
 
184 
 
 
 
APPENDIX-I 
Derivation of Lippmann-Young Equation using Energy Minimisation Approach  
Young Law: 
In energy minimisation approach, the droplet remains spherical with a contact angle θ   and radius R. The 
energy of a droplet depends on the droplet radius, R, contact angle θ , and system parameter p (here p is a set 
of parameters, such as applied voltage, dielectric constant, ion concentration, and temperature), which can be 
expressed as, 
 ( ), ;E E R pθ=                                                     (I.7)                      
Here θ  represents the contact angle without any externally applied energies. For an equilibrium state of the 
droplet, the energy should be at its minimum. In the equilibrium condition, the change in energy is zero.  With 
respect to R and 0θ , the energy change can be written as, 
( ) ( )  , ;  , ;  0E EdE R p dR R p d
R
θ θ θ
θ
∂ ∂
= + =
∂ ∂
                             (I.8) 
As noted in Berthier (2013), the volume V is related to the radius R and the angle θ by the following equation: 
( ) ( )3 3 3 2 3  3V ,    2 3   (  )3 3 4 12
cos cosR R cos cos Rπ θ θθ θ θ π= − + = − +               (I.9)       
As the volume is constant, it can be written as, 
V 0d =                                                                  (I.10) 
 
V VV = ( , ) ( , ) 0d R dR R d
R
θ θ θ
θ
∂ ∂   + =   ∂ ∂   
  
2 32 3cos cos3 3sin sin 33 0
3 4 12 4 4
R dR R dθ θ θ θπ π θ      = − + + − =            
           (I.11) 
Solving the above equation for dR  in terms of dθ ,  
( ) ( )22cos / 2 cot / 2
2 cos
dR R d Rqd
θ θ
θ θ
θ
 
= − = 
+ 
                           (I.12) 
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Where, 
( ) ( )22cos / 2 cot / 2
2 cos
q
θ θ
θ
= −
+
. 
Placing the equation (I.12) in the equation (2.14),  
 ( ) ( )  , ;  , ; 0dE E ER p Rq R p
d R
θ θ
θ θ
∂ ∂ = + = ∂ ∂ 
                                 (I.13) 
Now, let us look at the interfacial energy of a sessile drop. The interfacial energy of a sessile drop can be 
written as, 
( )int LG LG SL SG SLE A Aγ γ γ= + −                                             (I.14)   
Here ‘S’, ‘L’, ‘G’ stands for solid, liquid and gas phase respectively. ‘A’ denotes the interfacial area and γ is 
the interfacial tension. Area LGA and SLA can be derived as,  
( )22 1LGA R cosπ θ= −                                                   (I.15)   
  2 2 SLA R sinπ θ=                                                        (I.16)   
The equation (I.14) can be rewritten by inserting equation (I.15) and (I.16) as,  
( ) ( )2 2 2 1int LG SL SGE R cos sinπ γ θ γ γ θ = − + −                              (I.17)   
As derived by Berthier (2013), Fortner and Shapiro (2003) and Shapiro et al (2003), placing the energy 
equation (I.17) in the equation (I.13) and after simplification forms the Young’s law as,  
 LG SG SLcosγ θ γ γ= −                                                (I.18)   
Lippmann-Young Law:  
In this section, the Lippmann-Young law will be derived as according to the energy minimisation approach. 
Let us assume that all the electrical energy is stored in the dielectric layer of a sessile drop electrowetting 
system. With an elementary volume of ‘dv’, the stored energy is, 
( )1 .2dieldE dv=
 
E D                                                  (I.19)   
Here, 

D  is the polarizability vector field, which is also termed as an electric displacement vector. It denotes 
the induced dipole moment in per unit volume of a dielectric medium.  
o Dε ε=
 
D E                                                           (I.20)   
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Thus, the electric energy of the equation (I.19) can be rewritten as, 
2
0
1
2diel D
dE dvε ε=

E                                               (I.21)   
For the above equation, a uniform electric field can be assumed, neglecting the edge effect of the electrode. 
Then, the electric field is,  
0.0 V
d
 = − 
 

E                                                     (I.22)   
Placing the equation (I.22) in (I.21) and integrating (I.21) the energy of dielectric material can be written as, 
( )
2 2
2 201,    
2 2
D
diel o D SL
VVE R A d R sin
d d
ε ε
θ ε ε π θ = = 
 
                    (I.23)   
Thus combining the dielectric material energy in the equation (I.23) and the interface energy in the equation 
(I.17), the total energy in the system is, 
                                                           int  dielE E E= +                                                         (I.24) 
( )
2
2 20  2  1
2
D
SL SG LG
VE R sin cos
d
ε ε
γ γ π θ γ π θ
  
= − − + −  
  
                  (I.25)   
Replacing the equation (I.25) in the equation (I.13) and simplifying (as derives in Fortner and Shapiro 
(2003); Shapiro et al (2003)), Lippmann-Young equation can be deduced as,  
2
0cos  0
2
SG SL D
LG LG
V
d
γ γ ε ε
θ
γ γ
 −
− + = 
 
                                   (I.26)   
Above equation can be simplified to, 
2
0
0cos cos  2
D
LG
V
d
ε ε
θ θ
γ
= +                                             (I.27)
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APPENDIX-II 
Simulation of Electric Field  
1. Open Comsol Multiphysics 5.2 software and click on to ‘New’. 
2. From ‘New’ window, click on to ‘Model Wizard’. 
 
3. Select 2D Axisymmetric 
 
4. Select physics ‘Electrostatic’ from AC/DC module and press ‘Add’ button. 
 
 
5. Select physics – ‘ Laminar Two-Phase Flow, Level Set (tpf)’ and press ‘Add’. 
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6. Pres ‘Study’ and make sure following studies are selected, 
 
 
7. The model builder will open and will have following initial settings. 
 
8. In the parameter settings section, define the initial permittivity of water and air as: 
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9. Define the Maxwell stress tensors on the variable settings. 
 
 
10. Import the geometry made by other cad software and define the unit in mm. 
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11. Define material: 
Water: 
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Air: 
 
 
 
 
 
Cu: 
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12. In Electrostatic module settings, select all the material domains.  
13. For bare ground electrode simulation: apply Thin Permittivity Gap on bottom electrode.   
  
 
14. For bare ground electrode study:  
Define the ground electrode as: 
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15. For dielectric coated ground electrode simulation: apply Thin Permittivity Gap as: 
 
16. For dielectric coated ground study, the ground electrode is defined as: 
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17. The electric potential is applied to the bottom electrode as: 
 
18. In the laminar two-phase flow moving mesh interface module: 
Define electromotive force as: 
 
19. Design the Mesh using the Mesh node. 
 
20. The study section will have two steps: 
 
21. The phase initialisation settings are: 
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22. The time dependent study settings are: 
 
23. Click on to the Compute button.  
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APPENDIX-III 
Three-dimensional Simulation Model of Hexagonal Electrowetting Cell 
 
1. Open Comsol Multiphysics 5.2 software and click on to ‘New’. 
2. From ‘New’ window, click on to ‘Model Wizard’. 
 
3. Select 2D Axisymmetric 
 
4. Select physics ‘Electrostatic’ from AC/DC module and press ‘Add’ button. 
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5. Select physics ‘Laminar Two-Phase Flow, Moving Mesh’ and press ‘Add’ button. 
 
6. Define the parameters as: 
 
7. Define the contact angle according to the Lippmann-Young equation as a variable in the simulation 
model: 
 
 
8. Design the geometry either using any other CAD model or using the geometry builder of Comsol 
 
 
9. Define the materials: 
 
198 
 
Cu: 
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Oil:  
 
Water: 
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10. Select all the modules for electrostatic study: 
 
11. Apply electric potential to side faces. 
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12. Apply Thin Permittivity Gap on to inside surfaces and define the dielectric properties as shown 
below: 
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13. For Laminar Two-Phase Flow Moving Mesh Interface, select the modules as shown in below: 
 
14. Select the Fluid Interface and apply the parameters as shown below: 
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15. Define the contact angle to the wall-fluid interface: 
 
 
 
 
15.Apply the Navier-Slip condition as shown below: 
. 
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16. Define the pressure point constraint as shown below: 
 
 
17. Define the prescribed mesh displacement as: 
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18. Construct the mesh:  
 
 
19. Two steps of the study are: 
 
 
20. The step 1 settings are: 
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21. The step 2 settings are: 
 
 
22. Press the compute button to run the simulation.  
